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ABSTRACT 
 
MICHAEL JOHN HADSELL, JR.:  The Development and Characterization of a First 
Generation Carbon Nanotube X-Ray Based Microbeam Radiation Therapy Device 
(Under the direction of Dr. Otto Zhou) 
 
 Microbeam radiation therapy (MRT) is a new type of cancer treatment currently 
being studied at scattered synchrotron sites throughout the world.  It has been shown to 
be capable of ablating aggressive brain tumors in rats while almost completely sparing 
the surrounding normal tissue.  This promising technique has yet to find its way to the 
clinic, however, because the radiobiological mechanisms behind its efficacy are still 
largely unknown.  This is partly due to the lack of a compact device that could facilitate 
more large scale research. 
The challenges inherent to creating a compact device lie within the structure of 
MRT, which uses parallel arrays of ultra high-dose, orthovoltage, microplanar beams on 
the order of 100μm thick and separated by four to ten times their width.  Because of focal 
spot limitations, current commercial orthovoltage devices are simply not capable of 
creating such arrays at dose rates high enough for effective treatment while maintaining 
the microbeam pattern necessary to retain the high therapeutic ratio of the technique. 
Therefore, the development of a compact MRT device using carbon nanotube 
(CNT) cathode based X-ray technology is presented here.  CNT cathodes have been 
shown to be capable of creating novel focal spot arrays on a single anode while being 
robust enough for long-term use in X-ray tubes.  Using these cathodes, an X-ray tube 
with a single focal line has been created for the delivery of MRT dose distributions in 
radiobiological studies on small animals. 
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In this work, the development process and final design of this specialized device 
will be detailed, along with the optimization and stabilization of its use for small animal 
studies.  In addition, a detailed characterization of its final capabilities will be given; 
including a comprehensive measurement of its X-ray focal line dimensions, a description 
and evaluation of its collimator alignment and microbeam dimensions, and a full-scale 
phantom-based quantification of its dosimetric output.  Finally, future project directions 
will be described briefly along with plans for a second generation device.  Based on the 
results of this work, it is the author’s belief that compact CNT MRT devices have definite 
commercialization potential for radiobiological research. 
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CHAPTER 1:  INTRODUCTION 
 
Every year in the United States, nearly 575,000 people die from some form of 
cancer, making it the 2nd leading cause of death in this country.1  Although cancer can 
take many forms, its basic definition is what makes it at once so deadly and so hard to 
treat.  Cancer is formed from the rebellion of the body’s own cells when they mutate, 
abandon their functionalized duties within the tissue, and take on a life of their own.  This 
mutation led process involves unchecked proliferation, failure to respond to regulatory 
biochemical signals from neighboring cells and structures, effective immortalization, 
random and haphazard angiogenesis, and finally metastatic and invasive behavior into the 
rest of the body by the afflicted cells.  They then become a rather formidable adversary 
for the immune system, since many times the body’s natural defenses cannot tell that 
there is a problem until it is too late due to the fact that the sickness arose from its own 
natural cells and tissues.  Even then, the body can typically only run damage control, 
responding solely to the larger 
issues caused by tumors and not 
the root cause of all the problems, 
namely the cancerous cells 
themselves.2 
The origin of cancer within 
the body’s own cells also makes 
cancer remarkably difficult to 
treat.  All forms of cancer therapy 
involve treatments and methods 
 
Figure 1.1:  Graph displaying a typical therapeutic ratio in 
which 75Gy induces an 85% likelihood of tumor control 
with a 15% chance of intolerable normal tissue damage.  
‘TR’ represents the therapeutic ratio between the two 
effects at this dose level. 
 2 
 
that attack the normal, healthy tissue as well as the cancerous tissue, simply because the 
cells are so similar and there is very little to differentiate between them in structure or 
chemistry.  Therefore, the first and primary goal in any cancer treatment is to have a high 
therapeutic ratio, as illustrated in Figure 1.1, defined as the ratio of the percentage 
incidence of cancer cure over the incidence of intolerable normal tissue complications 
resulting from a particular modality of therapy. 
 
1.1  Current Status of Radiation Therapy 
 
During the past century, X-rays and other forms of ionizing radiation have 
become exceedingly successful at treating various forms of cancer and have led to the 
field of radiation oncology.  The main attraction of radiation therapy is the high 
achievable therapeutic ratio, which although sometimes is inherently good due to the 
types of tissue involved in treatment, can also be increased through customization of the 
field of radiation to which the target area is exposed.  Many strides have been made 
toward this goal through the use of conformal techniques, image guidance, intensity 
modulation, multiple entrance angles, and high-energy particle therapy.3 
For instance, 3-D conformal radiation therapy employs multiple entrance angles 
to ensure that only the tumor receives maximal radiation dose.  Intensity modulated 
radiation therapy, or just IMRT, uses varying intensities of radiation delivered from 
multiple entrance angles to further tailor the shape of the dose distribution within the 
body and give even less dose to the surrounding normal tissues.  Even proton and heavy 
ion therapy are starting to be explored due to their increased relative biological 
effectiveness in killing cancer cells and their favorable dose distributions characterized 
by the fact that unlike megavoltage photons, they eventually are completely stopped by 
live tissue.  Today’s modern treatment machines also come equipped with on-board X-
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ray imaging devices, radio frequency tracking systems for tumors, and motion 
compensation targeting algorithms; not to mention the enormous amount of pre-treatment 
imaging and simulation that is done to determine incredibly precise treatment plans and 
dose distributions. 
Due to these successes, over half of all cancer patients in the US receive some 
type of radiation therapy for their disease.  Even with all this advancement, however, no 
technique or specialized type of particle, though, has succeeded in completely sparing the 
normal tissues that must be passed through in order to reach deep-seated tumors, and thus 
the unavoidable damage to this tissue is always a concern.4  A completely new technique, 
though, initially heralded by research started over half a century ago, has recently shown 
promise in achieving almost complete normal tissue sparing during radiation therapy.5, 6  
This research explored the dose deposited in tissue by single-particle, high-energy beams 
of heavy ions that would be experienced by astronauts during missions outside the earth’s 
atmosphere, and as can be seen in Figure 1.2, it was found that although these beams 
often deposited well over 4000Gy in their 25μm path, they caused no tissue-level 
damage.7  Conversely, much lower intensity radiation given in larger paths and smaller 
doses but similar dose-volumes resulted in massive tissue level damage.  And thus, the 
concept that microbeams of 
extremely high dose are well 
tolerated by normal tissue was 
born.  But it was not until many 
decades later, that advances in 
technology would prompt 
research to explore ways in 
which this fact could be exploited 
for radiation therapy. 
 
Figure 1.2:  Micrographs from study done over fifty years 
ago which showed that extremely high doses can be tolerated 
by normal tissue if the beam size is small enough, while at 
larger field sizes, normal tissue cannot tolerate much smaller 
doses at all, displaying cystic and necrotic behavior. 
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1.2  Advent of Microbeam Radiation Therapy (MRT) 
 
 A little over two decades ago, researchers at the National Synchrotron Light 
Source (NSLS) at Brookhaven National Labs (BNL) defined a new type of therapy based 
on this concept and coined it microbeam radiation therapy, or MRT.8, 9  Instead of pencil 
beams, they used arrays of microplanar beams between 25 and 100μm in width and 
separated by distances between one 
and four times this beam width, as 
illustrated in Figure 1.3.  After 
many initial simulations, they found 
that using their synchrotron light 
source that they could create such 
arrays with very high peak to valley 
dose ratios as absorbed in tissue, or 
PVDRs, depending on which beam 
width and separation distance they 
chose.8  They then went on to 
actually use their synchrotron light 
source to do experimentation in rats 
and found that such arrays can not 
only spare normal brain tissue,10 but 
also ablate highly aggressive brain 
tumors such as 9L gliosarcomas 
 
Figure 1.3:  (a) SolidworksTM illustration of a phantom 
being irradiated by a microbeam array.  (b) Plot of a 
hypothetical dose distribution created within the phantom 
showing the peaks and valleys characteristic to MRT.  
Note that the microbeams as shown here are slightly 
larger than the specifications listed in the text. 
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(9LGS) implanted in the rats’ brains11 using either single or crossfired arrays.  They 
actually found that in some cases, lifespans of 9LGS-bearing rats could be increased by 
up to ten times with only a single array and fraction of MRT, as shown in Figure 1.4. 
Since then, scattered synchrotron sites across the world have begun to study the 
use of MRT following the initial groundbreaking results of the studies at BNL.9  
Following this initial work, another group at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble, France went on to confirm in-vivo ablation of 9LGS tumors in the 
rat brain, also showing an increase in the rats’ average lifespan sometimes by more than a 
factor of ten by using MRT arrays with varying beam widths and separations.6  This 
group went on to show a tremendously high therapeutic ratio between tumor control and 
normal tissue function and skin tolerance using cross-hatched MRT arrays in EMT-6 
carcinomas implanted in the legs of adult rats,12 while another group has also shown the 
efficacy of MRT on murine squamous cell carcinomas on rat legs.13  Perhaps more 
importantly, however, were the continuing studies on the detailed effects of MRT on 
normal tissue and the remarkably high tolerances discovered. 
The most famous of these studies was an experiment in which weaning piglets 
received MRT in high doses to their 
brains.5  The piglets in this study 
were irradiated with 25μm 
microbeams separated by 200μm of 
up to 1000Gy entrance dose and all 
grew up without any noticeable 
weight deficiencies, genetic 
deformities, or behavioral 
abnormalities.  In other studies, 
similar trends were observed when 
 
Figure 1.4:  Plot from one of the earliest studies of MRT 
on 9LGS tumors in rats displaying how even a 
unidirectional array of microbeams can completely ablate 
tumors in roughly 40% of the irradiated subjects, 
effectively increasing their lifetime by a factor of ten. 
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irradiating the fragile developing neurological tissue in duck embryos and suckling rats.9, 
14  These results combined to confirm a proposed clinical use for MRT, namely the 
ablation of deep-seated, aggressive brain tumors in children.15  Because surgical resection 
of such tumors is usually not an option and broad beam radiation therapy must always 
pass through extremely sensitive developing neurological tissue, MRT could potentially 
provide huge steps forward in the treatment of such cancers.  Moreover, the mechanical 
limitations of MRT to be discussed in the next subsection lend themselves to an 
irradiation target that is at a medium depth in completely immobilized tissue. 
 
1.3  Synchrotron-Based MRT 
 
As stated above, MRT uses multiple planes of radiation that are on the order of 
tens of micrometers wide and separated by only hundreds of micrometers.  Variations in 
the beam spacing and beam width have been shown to affect the therapeutic value of the 
technique,6, 16-19 and therefore tight control of this pattern is essential to successful 
implementation of MRT and the possibility of further radiobiological study.  This 
provides many constraints on any system designed to create microbeam patterns in tissue. 
 
1.3.1  Constraints Imposed by Synchrotron-Based MRT 
 
Perhaps the most limiting of these constraints is the inability to use megavoltage 
X-rays.  In order to preserve the shape of the dose distribution throughout the entirety of 
the target region, the energy of the X-rays must not exceed a certain threshold.  This 
threshold exists at the point at which the secondary electrons scattered by the incident 
photons begin to deposit appreciable dose into the tissue in between the planes of 
radiation,8, 20-23 as shown in Figure 1.5.24  This threshold occurs at a few hundred keV at 
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most, and thus peak X-ray energy must be kept low in order to maintain a high PVDR.25, 
26  These scattered electrons along with X-ray photon scatter within the phantom and 
from the collimating apparatus, are the direct cause of the inescapable amount of valley 
dose that even synchrotron sites experience.20, 21, 23, 27  The dose produced by this electron 
and photon scatter can be modeled as two broad gaussian shapes underneath each sharp 
microbeam peak, and thus increases with the closeness and number of microbeams in the 
array respectively.22, 28  As an illustration, the mock-up microbeam distribution in Figure 
1.3b was constructed using such a background gaussian, which is an unavoidable 
characteristic of all MRT dose distributions. 
The second large constraint imposed by the geometry of MRT is that the target 
must not move during irradiation, otherwise the peaks and valleys of the dose distribution 
will smear together, once again lowering the PVDR.  This was originally thought to 
dictate that only a source with an incredibly high dose rate could be used for MRT, to 
eliminate the possibility of not only gross tissue motion during irradiation, but also the 
periodic microscopic motion of the tissue and vasculature with the heartbeat.  However, it 
there are indications in the literature that suggest such dose rates may not be necessary 
 
Figure 1.5:  Comparison between simulated dose profiles of 50μm wide microbeams in acrylic sourced 
by a megavoltage beam and the ESRF spectrum.  Note how the beam created by the 1MeV source has a 
penumbra that would extend well into its neighboring microbeams and make obtaining a low valley dose 
next to impossible, while the microbeam created by the ESRF spectrum deposits its dose directly within 
its collimated boundaries.  
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for effective MRT treatment.  Various studies performed at synchrotron sites have used 
dose rates as low as 100Gy/s and delivered doses in the range of 600Gy while retaining 
the integrity of the microbeam pattern.29, 30  If the cardiosynchronous motion of tissue in 
the targeted region of the murine subjects was an issue in these experiments, the 
microscopic beams would have been blurred during the many cardiac cycles present 
during a ~6sec irradiation,31 but to date no such blurring has been observed in such 
synchrotron MRT experiments even when using beams as small as 25um.12 
The third and final 
constraint is based upon the 
definition on MRT as parallel 
arrays of microplanar X-ray beams.  
This constraint in particular is quite 
cumbersome because it effectively 
eliminates single, divergent sources 
from being able to be used for 
MRT.  Because the normal tissue 
sparing effect and the tumor-killing 
power of MRT has been linked to 
the PVDR, beam spacing, and 
beam width; a divergent source 
would create beam patterns in which these parameters, and thus the radiobiological effect 
of the treatment would vary with distance from the source as shown in Figure 1.6.  
Because MRT was developed and tested solely by synchrotron facilities, however, there 
is always the possibility that some of this constraint could be relaxed.  This is simply 
based on the fact that divergent microbeams and beam spacings have not been tested for 
 
Figure 1.6:  Illustration of how many microbeams created 
from one divergent source would result in valley widths 
that would widen within the object irradiated, making for a 
PVDR and therapeutic ratio that would vary with depth. 
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normal tissue tolerance and tumor toxicity, and thus it is actually unknown whether 
configurations as displayed in Figure 1.6 would work or not. 
 
1.3.2  Mechanics of Synchrotron-Based MRT 
 
Because of these limitations, whether they actually be constraining or not, this 
type of therapy has previously only 
been studied at synchrotron facilities 
because of their ability to create ultra-
high flux, low-energy X-ray beams.  
This is achieved by inserting devices 
called wigglers into the electron beam 
storage ring that cause the electrons to 
oscillate under the influence of a 
varying magnetic field,32, 33 as shown 
in Figure 1.7a.  The output of these 
wigglers is typically a spectrum of X-
rays that has a median and maximum 
energy of around 100keV and 600keV, 
respectively.  An example of their 
spectrum is shown in Figure 1.7b,21 
and like any other source, depends 
completely on filtration. 
The output angle of these beams, because of the relativistic speeds of the electron 
beams that are oscillated in order to create them, is on the order of 1/γ, where γ is the 
Lorentz factor of the electron beam.  For example, at the ESRF, the X-ray output of their 
 
Figure 1.7:  (a) Illustration showing the operation of a 
synchrotron wiggler. (citation in PowerPoint)  (b) 
Typical spectrum of radiation used at the ESRF for 
MRT.  Note that this spectrum can be vastly changed 
depending on filtration.   
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wiggler only constitutes a field that is a few centimeters long by a few millimeters tall 
when viewed over 30m from the 
source.34  The dose rate for this 
source, however, due to all the X-
rays being compressed into this tiny 
angle can be up to 20,000 Gy/s, 
even at this large viewing 
distance.35  These beams are ideal 
for creating microbeam patterns 
because they can easily be 
collimated into microscopic parallel 
beams due to the semi-parallel 
nature of the rays at such a large 
distance from the wiggler.  Also, the 
dose rate is high enough to allow 
for the entire treatment to be 
delivered in a fraction of a second, 
effectively eliminating the 
possibility of target motion during 
beam on time. 
A complete description of 
all the beam modifying components through which the X-ray beam transits after it exits 
the wiggler is beyond the scope of this work, but two of them warrant special attention 
since they have served to define MRT as it is carried out at the ESRF.  The first is the 
ultra-fast white beam shutter which uses two spring-loaded actuators to control the MRT 
beam on-time, with the release time of the first controlling the beam on time point and 
 
Figure 1.8:  (a) Illustration showing how the fast shutter 
at the ESRF switches on and off the beam.  The entire 
irradiation window is created by pulling blade 1 and 2 up 
from their current positions so only blade 1 is blocking the 
field.  Release of blade 1 followed by blade 2 opens and 
closes the field at high speeds.  (b) While the beam is on, 
the sample is swept through the beam to irradiate 
whatever volume of interest is desired. 
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the release of the second determining the beam off time point, as shown in Figure 1.8a.36  
The reason this is important is because at the high dose rate used at the ESRF, the shutter 
precision of +/- 0.5ms only translates to around +/- 10Gy in dose, which would be a huge 
relative error if not for the large doses used in MRT. 
Moreover, because the 
vertical extent of the beam is only a 
few millimeters, the phantom or 
animal to be irradiated must be 
swept through the beam during the 
tiny amount of time allowed by the 
shutter, as shown in Figure 1.8b, in 
order to allow for irradiations of 
volumes that are larger than the 
beam dimensions.37  In addition, all 
dosimetry that is done on MRT 
beams is based upon an ion 
chamber that is swept through the 
uncollimated beam in a similar 
manner, putting an even larger error 
on absorbed dose.  And although 
these large dosimetric tolerances 
could be mitigated by a reduction of 
dose rate by filtration, most tests 
done at the ESRF do not take such 
 
Figure 1.9:  (a) Photograph of the microbeam collimator 
used at the ESRF.  Note the extremely thin slits cut into 
the solid block of tungsten carbide.  These slits must be 
aligned and cooled by the large apparatus below the 
collimator.  Also, the two blocks can move parallel to 
each other to vary the resultant slit width.  (b) Graph 
showing that the sample can be translated by half the slit 
spacing to accomplish spacings that are smaller than the 
400μm between the actual slits. 
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measures in order to preserve the incredibly high dose rate for instantaneous irradiations.  
Because of this fact, though, extraordinary safety precautions must be taken before 
moving MRT to clinical trials at synchrotron sites.38 
Perhaps the most important beam modifying component from an outside 
perspective, though, is the adjustable multi-slit collimator.  It is made up of two 
subsequent ~8mm thick blocks of tungsten carbide, each with one hundred and twenty-
five 3mm tall, 100μm slits cut into the top of the blocks as seen in Figure 1.9a.35  The 
slits are separated by a 400μm center-to-center distance, and the two blocks can be offset 
from each other to adjust the final slit width to anywhere between 0 and 100μm.  In order 
to halve or quarter the beam spacing, subsequent irradiations can be made with the 
sample translated by 200μm or 100μm in a direction perpendicular to the planes of the 
resulting microbeams as shown in Figure 1.9b.39  And as stated before, the samples must 
be swept through the pattern created by this collimator in order to cover the entire target 
area, in essence combing the 
microplanes of radiation through 
the target. 
Before we move on, it 
should be noted that this entire 
design completely depends on the 
beam consisting of parallel 
beamlets, since the collimator is 
made up of parallel slits and the 
adjustable nature of the collimator 
leaves these slits completely 
asymmetric with respect to the 
beam.  As a matter of fact, if the 
 
Figure 1.10:  Illustration showing how the adjustable 
collimator shrinks and enlarges the microbeam width.  
Microbeam paths through the collimator are shown in red 
and the collimator slats are shown as gray.  Notice how 
beams could very easily travel in a diagonal direction 
through the collimator due to the asymmetry of the design. 
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beamlets were not parallel they could easily travel at an angle through the collimator as 
can be seen from an examination of Figure 1.10, and it has been shown through Monte 
Carlo simulation that this fact, along with collimator scatter and other physical factors not 
accounted for in typical MRT dosimetry, do contribute to slight asymmetries in the MRT 
dose distribution.40 
As can be seen here, the use of synchrotron radiation for therapy, although 
seemingly ideal for MRT, also creates a considerable cost and safety roadblocks to easy 
clinical implementation, without having even mentioned that the majority of absolute 
dosimetry done has been based almost entirely on simulation.41, 42  This leads us to the 
next question, which is if it has been shown conclusively in the radiobiological studies 
done that the ultra-high dose rates used during MRT at synchrotron sites are necessary for 
successful treatments, and if some of the constraints listed above could be relaxed while 
retaining the positive effects of MRT. 
 
1.4  Radiobiological Theories behind MRT Efficacy 
 
Despite the display of such a large differential response between normal and 
cancerous tissue, microbeam radiation therapy (MRT) has yet to find its way to the clinic, 
and researchers have not developed a complete theory as to why it works.  Moreover, 
consensus even on how beam spacing, valley dose, and PVDR impact efficacy has been 
scarce at best.  For instance, in one study it is stated the 200μm is the ideal spacing 
between 25μm beams to provide a balance between normal tissue sparing and curative 
cancer treatment,17 while in another study that used almost the same configuration,6 it 
was found that 100μm spacing for such beam widths was the most ideal.  Another study 
that held valley dose and width constant while varying the beam width, and consequently 
the peak dose,18 found that the use of 50μm beams yielded the strongest therapeutic ratio 
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as determined by survival curves.  This is then partially contradicted by another study19 
that shows that the largest tumoricidal effect is achieved when using 20μm beams. 
As can be seen from these examples, there is simply too much variability 
available within this technique to be optimized by only a few groups scattered across the 
world at synchrotron sites, and therefore more radiobiological studies of the underlying 
mechanistic effects that lead to the positive results of MRT must be done.  Moreover, 
such studies could illuminate further whether the tight control over beam patterns 
mentioned above is truly necessary, or if it would be just as effective to employ a 
different method that could be more easily adapted to compact devices.  Although a few 
of these studies have been done, and some radiobiological theories have been developed, 
none of them provide a truly comprehensive explanation of the microbeam effect. 
In almost all of the early studies,  it has been noted and conclusively determined 
that the ability of normal tissue to withstand large microbeam doses stems from the rapid 
healing of the microvasculature.10, 11, 43  Regardless of what type of tissue is irradiated, 
the fragile endothelial cells lining the vessel walls are the effective targets of the high 
peak doses, and in normal tissue, they can effectively bridge the gap created by the thin 
microbeams and repair themselves as shown in Figure 1.11.24, 43-45  This indicates that the 
normal tissue sparing effect of MRT is strongly based upon two things, the valley dose 
 
Figure 1.11:  Diagram showing how the endothelial cells in the well-organized normal tissue 
microvasculature repairs vessels by pushing inward to replace the cells destroyed by the peak dose.  
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and the microbeam width.18, 19  If the valley dose gets too high, then the spared tissue 
between the peaks is now exposed to a toxic level of radiation as seen in broad beams, 
essentially eliminating all possible healing.  In addition, if the microbeam width gets too 
thick, the sparing effect is also lost due to nerve and vessel tissue being unable to bridge 
the gap.  This has been shown to definitively occur at around 680μm for central nervous 
system tissues.16  When the beam gets wider than this, all normal tissue sparing specific 
to MRT is lost and the only sparing effect left is that due to the well-known dose-volume 
effect as was successfully employed through GRID therapy before the advent of 
megavoltage beams.46 
The question that is much more difficult to answer is why tumors respond to 
microbeams so much differently than the normal tissue.  The hypothesis initially given on 
this subject dates back to early MRT experiments6 and suggests that the vasculature of 
the normal tissue can repair itself while the immature vasculature in the tumor cannot.47  
Due to this fact, it was and is still thought that this damage to the fragile tumor 
vasculature effectively starves off 
the tumor and plays a significant 
role in their ablation as observed in 
the many lifetime studies.48, 49  As 
indicated in one dissenting study,45 
however, this effect alone cannot 
explain the complete ablation of 
tumors in the path of single and 
cross-fired arrays of microbeams.  
This is due to the fact although the 
hypoxia and tumor necrosis are 
indicative of cell death, they are 
 
Figure 1.12:  Micrograph showing MRT irradiated tumor 
tissue on the left and MRT irradiated normal skin tissue 
on the right.  The top two images show 4hr timepoints and 
the bottom two show 24hr timepoints all with 100μm 
scale bars.  After 24hrs, the cells within the tumor tissue 
have migrated to all points with the tumor, while the skin 
tissue collectively makes an organized repair response to 
the damage. 
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also well-known to portend tumor resurgence.2  Therefore, vasculature damage alone 
cannot account for complete tumor ablation from single-arrays of microbeams and a more 
complete theory is needed. 
The trend of a more complete theory is moving towards the inclusion of bystander 
effects, which is also a poorly understood phenomenon in radiation oncology, defined by 
deleterious or positive effects in cells neighboring those damaged by radiation.30  These 
adjacent cells, which would otherwise be unharmed, seem to be directly affected by 
signals and contact from cells that have been damaged by radiation.  One particularly 
persuasive study shows that normal irradiated skin heals itself through activation of 
neighboring cells in the valleys to come and clean out the cells destroyed in the peak dose 
regions,50 confirming earlier studies on the tolerance of rat skin to MRT.29  But this study 
also goes on to show that in tumors, something remarkably different occurs.  As shown in 
Figure 1.12, the region of DNA damage as indicated by γ-H2AX staining spreads out 
throughout the irradiated region over a time course following MRT treatment, indicating 
either a movement of the initially damaged cells in the peak dose regions or a signaling of 
adjacent cells to self destruct.  Both of these theories have experimental support in the 
literature49, 51, 52 and explain how tumors hit with single-array MRT could be completely 
ablated though a mechanism in which tumor cells in the valley are contaminated by the 
motion and biochemical signals of irradiated cells into the unirradiated areas.  But even 
these theories only lift one more corner of the curtain that veils the complete process 
behind the preferentially tumoricidal effect of MRT and only serve to highlight the fact 
that there is still an enormous amount of experimentation that needs to be done to 
completely characterize the radiobiological mechanisms behind this promising new type 
of therapy. 
As one last note on the radiobiology of MRT, because this type of therapy has 
only been studied at synchrotron sites, it can been questioned if the ultra high dose rate is 
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partially responsible for the microbeam effect.  One of the early microbeam studies done 
with deuterons seems to suggest the dose rate has little to do with the effect,53 while more 
recent studies on the radiobiology of ultra high dose rates have reported that such rates 
tend towards lower radiosensitivity of cells in general,54 and so the ultra high dose rate 
effect does nothing to explain the differential response of tumor vs. normal tissue.  
Therefore, the ultra-high dose rates seem to not be necessary for preservation of the 
microbeam pattern, especially at slightly larger beam sizes, or for the radiobiological 
effect.  This leaves only one challenge 
for achieving non-synchrotron based 
MRT: namely creating parallel 
orthovoltage, microplanar beams that 
have a high enough flux to achieve 
effective therapeutic doses in a 
clinically feasible time scale.  This 
challenge is still great, though, due to 
the microscopic nature of the beam 
pattern and the assumed need for 
parallel beams. 
 
1.5  Conventional X-Ray Sources 
 
Most conventional sources used 
today for radiation therapy output X-
ray beams in the megavoltage range.  
This is due to the fact that megavoltage 
beams create primarily forward-
 
Figure 1.13:  (a) Plot showing the probability of 
different recoil angles of electrons from Compton 
scattering at different incident photon energies.  
Notice that the scatter becomes incredibly forward 
peaked at high energies.  (b) Plot showing the 
resulting tendency of the maximum dose deposited in 
tissue by megavoltage photon beams to be after a few 
cm of buildup distance at the surface. 
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scattered Compton electrons as opposed to the more uniform Compton scattering of 
orthovoltage beams, as shown in Figure 1.13a,55 and thus deposit their dose in a forward 
beamed direction.  This causes a buildup effect in which it takes a few millimeters for the 
maximum dose to be reached in tissue before it starts to decrease due to attenuation, as 
shown in Figure 1.13b.56  This phenomenon will be explained in greater detail in chapter 
five as it pertains to this work, but for now we will simply take it as a given and quote it 
as the reason that megavoltage beams have come into such high regard.  Namely, their 
penetration depth is much greater, and the buildup effect causes a skin-sparing 
phenomenon which is of large therapeutic value in the clinic.57  Due to this fact, however, 
it is quite difficult to find commercial clinical devices that could be easily modified to 
deliver MRT dose distributions, seeing as how megavoltage beams are physically unable 
to do so. 
 
1.5.1  Typical X-ray Tube Operation 
 
 Although most commercial radiation therapy X-ray sources are in the 
megavoltage range, it is still quite possible to find orthovoltage X-ray tubes that are used 
for X-ray imaging of thick portions of the body, superficial radiation therapy, and intra-
operative radiation therapy.3, 57, 58  Therefore, a basic description of the typical design and 
operation of such X-ray tubes is warranted here.  Virtually all X-ray devices operate in 
vacuum with a cathode that is responsible for the creation of free electrons, and an anode 
that accelerates those electrons toward its surface.  The purpose of the vacuum is so the 
electrons have a clear path towards the anode and so that the high voltages employed in 
the tube have a lower propensity to arc to grounded surfaces. 
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 When the electrons strike the 
anode after having been accelerated by 
its high voltage, they interact in the 
anode material, creating both 
characteristic and bremsstrahlung 
radiation.  Characteristic radiation 
occurs after the accelerated electrons 
collide with inner shell electrons in the 
anode material and eject them from 
their atoms or excite them.  This causes 
outer shell electrons to drop into the 
inner shell losing energy in the form of 
an emitted characteristic photon and 
creates characteristic peaks in the X-
ray spectrum of a particular material, as 
shown in Figure 1.14a.59  The most 
common of these peaks are caused by 
transitions from electrons in the 2nd or 
3rd p-orbital to the 1st s-orbital and are 
known as the Kα and Kβ peaks, 
respectively.  Other characteristic 
peaks are formed when transitions 
occur between other energy levels within the material, but they are far less common.  
Therefore, the K peaks are typically used to identify unknown materials emitting 
radiation caused by incoming accelerated electrons. 
 
Figure 1.14:  (a) Plot showing various spectra of a 
tungsten anode bombarded with electrons at different 
accelerating voltages.  Notice the characteristic peaks 
that occur when incident energies are enough to eject 
K-shell electrons from the tungsten.  (b) Diagram 
illustrating the process of bremsstrahlung, in which 
slowing of the electron by nuclei in the anode material 
cause photon emission. 
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 Though these characteristic peaks are quite large when observing the X-ray 
spectrum of the anode target material, they are not typically the radiation we are 
interested in when using an X-ray tube.  Rather, we are much more concerned with the 
white spectrum of “braking radiation” known as bremsstrahlung emitted from the anode.  
Bremsstrahlung is caused by the accelerated electrons being decelerated or given a 
change in direction by the nuclei of the target material, as shown in Figure 1.14b.57  Its 
spectrum will be discussed in greater detail in chapter five and is dependent on whether 
the target of the accelerated electrons is a thin or thick target.  At orthovoltage energies, 
more X-ray energy can be extracted from a thick, reflective target in which X-rays are 
viewed at an angle and from the same side the initial collision takes place, as shown in 
Figure 1.15a,59 than a thin one in which electrons are allowed to simply pass through. 
 In addition, a thick target is more heat efficient at orthovoltage energies for two 
specific reasons.  The first reason is that at accelerating voltages lower than around 
Figure 1.15:  (a) Diagram showing the radiation pattern from a reflection-based anode.  Notice the large 
variation in output with viewing angle.  This is known as the ‘heel effect’ and is caused by the fact that 
photons exiting the anode at angles nearing parallel to its surface must pass through more anode material 
and thus will be more attenuated.  This effect will be encountered in relation to our own work later in 
chapters 3, 4, and 5.  (b) Illustration showing how directionality of X-ray photons emitted from a thin 
target vary with incident electron energy.  Notice that beyond 400kV it starts to become quite inefficient 
to use a reflection based anode due to the forward peaked distribution of emitted photons. 
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100kV the emission angle of bremsstrahlung photons is roughly isotropic, as shown in 
Figure 1.15b .57  But once this threshold is crossed, photons created from bremsstrahlung 
interactions becomes more and more forward peaked until it finally would make no sense 
to use a thick, reflective-type target.  Therefore, all megavoltage irradiators employ thin, 
transmission-type targets in which the X-ray window is located directly past the X-ray 
target, also as seen in Figure 1.15b.  Due to this fact, most megavoltage irradiators also 
have some degree of electron contamination in their therapeutic beams because some of 
the accelerated electrons make it through the target and the window. 
 The second reason is purely mechanical and is due to the fact that a reflective-
type target more easily allows heat dissipation in the anode.  Because the same surface is 
used for electron acceleration and X-ray production, the target is allowed to be as large as 
desired to allow for heat conduction either to a large sink or some kind of circulatory 
coolant system, as shown in Figure 1.16.59  As it turns out, this is quite necessary in order 
to get enough flux out of the X-ray tube, due to the fact that the efficiency in converting 
the electron energy into X-ray photons scales roughly as the energy of the incoming 
electrons, in addition to the atomic number of the target material as seen in the 
relationship shown below.60 
 
ݕ(ܶ) = ܼܶ݊ + ܼܶ 1.1 
In this relationship, T is the incoming electron energy, n is a parameter that 
weakly depends on the incoming energy,  and y(T) is the efficiency or yield of radiated 
photon energy due to this photon in a single interaction, such as would occur in a thin 
target.  Because of this relationship, thick targets typically employ layers of high-Z 
materials, such as tungsten, as the X-ray producing targets.  These layers are placed in 
contact with highly conductive materials, such as copper, so heat can be easily wicked 
away from the X-ray production layer, also as seen in Figure 1.16.  As a negative result 
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of this relationship and the facts above, 
however, thin targets can only be used 
efficiently in megavoltage devices with 
forward-directed radiation and less 
need for heat management due to their 
increased photon conversion 
efficiency. 
 Orthovoltage tubes with high 
output, however, always have to deal 
with an enormous amount of heat 
dumped into the anode from wasted electron energy.  As a matter of fact, in most X-ray 
tubes for imaging, rotating anodes as illustrated in Figure 1.17a59 are used to distribute 
the heat from the focal spot of the electrons over a larger area.  The way this works is by 
creating a disk with a trapezoidal cross section and rotating it so the focal spot is always 
in the same place and has the same projection angle relative to the X-ray window, as 
shown in Figure 1.17b,58 while the heat is dumped along a circular track on this disk, 
effectively spreading the heat out over an area that is 2πR times larger than the focal spot 
alone.  Even with this impressive piece of technology, which can stably rotate at over 
9000rpm while being electrically isolated from its control mechanics due to voltages of 
over 100kV typically placed on the anode, eventually “pitting” of the anode focal track 
occurs and gradually decreases the tube output, finally rendering it useless after a finite 
lifetime based on how many total milliamp seconds (mAs) of current the anod61e has 
absorbed.59 
 
Figure 1.16:  Diagram illustrating the operation of a 
typical stationary reflective anode.  Note the tungsten 
target for efficient X-ray production, the copper 
structure for efficient heat conduction, and the coolant 
system for heat elimination. 
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1.5.2  Possible Candidates for MRT 
 
X-ray tubes of the types described above have been made for decades, and so as 
an initial assumption, it could be thought that there would surely be one that could be 
capable of producing microbeam dose distributions in feasible clinical timescales.  Some 
conventional orthovoltage sources (Precision, Xstrahl, Comet, Rad-Source) seem like 
they would be viable candidates, but they have inherent and significant hindrances in 
their underlying design that would inhibit them from creating microbeam patterns in 
patients.  The main problem is that a single, divergent source is not appropriate for 
creating such a pattern.  Most commercial systems have a focal spot size that is too large 
(between 1 and 10mm) for producing microbeams and therefore would not be able to 
create appropriate PVDRs in the target.62  The collimating apparatus would have to be 
untenably thick and close to the sample to eliminate cross-talk between the exiting beams 
 
Figure 1.17:  (a) Schematic showing the basic structure and design of a rotating anode X-ray tube.  A 
full description of its design is beyond the scope of this work, but it should be noted that the anode can 
be driven to rotate over 9000rpm while being fully energized with the anode high voltage and without 
creating extraneous motion of the focal spot in 3D space.  (b) Diagram showing how the rotation of the 
anode spreads the heat over a circular track on the anode to increase heat loading ability a factor equal to 
the circumference of the focal track.  Also note the trapezoidal cross section due to the need to view the 
anode at an angle as discussed earlier. 
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and retain a high PVDR, as shown in Figure 1.18.  Given this type of collimation, each 
microbeam would only be sourced by a small sliver of the original focal spot, drastically 
reducing the dose rate below what would be necessary to achieve therapeutic microbeam 
doses, and essentially wasting large portions of the X-ray focal spot while continuing to 
dump an enormous amount of unnecessary heat on the anode, as illustrated in Figure 
1.19. 
On the other hand, given 
a focal spot smaller than the 
microbeam width such as in a 
microfocus X-ray tube, a multi-
slit collimator cannot be used 
because it would result in 
divergent beams that would 
spread out through the patient, 
changing the valley widths and 
thus varying the therapeutic ratio 
of the microbeam array with 
depth.  Therefore such a source 
could only be collimated to 
create one microplanar beam at a 
time, effectively reducing the 
dose rate by a factor equal to the number of beams needed to cover the target.  Moreover, 
current orthovoltage microirradiators built for micro-RT do not provide a high enough 
dose rate at a small enough focal spot to employ this method.63 
 
Figure 1.18:  Diagram illustrating the need for an extra large 
collimator to create a microbeam pattern in an irradiated 
volume as shown on the left.  If the collimator is too small 
and does not extend across most of the distance from the 
focal spot to the target, the microbeam pattern will be blurred 
as shown on the right. 
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The Small Animal Radiation Research 
Platform (SAARP) by Xstrahl and developed at 
Johns Hopkins University comes close to achieving 
a small enough field size, with X-ray focusing 
technology producing a 500um beam with a 160um 
penumbra from a 400um focal spot.64  At this focal 
spot width, though, the system can only provide 
dose rates of up to 22cGy/min at a 1cm depth in 
water.65  The non-commercialized system, ‘micro-
IGRT’ developed at Washington University delivers 
a potentially high enough dose rate in a single beam 
at 16Gy/min, but also falls short of the needed order 
of magnitude in size, experiencing a 350um beam 
penumbra for all field sizes when using their 400um 
focal spot, making this X-ray source far too blurred 
for the creation of microbeams.66  Moreover, both of these sources would have their 
effective dose rate divided by the number of beams necessary as stated earlier, dropping 
the dose rate below what would be necessary to deliver MRT treatment in a feasible time 
scale. 
 
1.6  Introduction to Carbon Nanotube Cathodes and Devices 
 
The only difference between a conventional X-ray tube as described above and a 
carbon nanotube (CNT) X-ray device is in the operation of the cathode.  The cathode in a 
typical X-ray tube is based on the thermionic emission of electrons from a tungsten 
filament.  This filament is heated by a cathode current that is separate from the circuit 
 
Figure 1.19:  Diagram showing how 
most of the focal spot is unused if a 
large spot is used to make multiple 
microbeams.  Also, if the beam 
blurring seen in the previous figure is 
to be avoided, each microbeam only is 
sourced by its own small sliver of the 
focal spot, greatly reducing the 
effective dose rate of the X-ray tube. 
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created from the electron current between 
the cathode and the anode.  This cathode 
current effectively boils electrons off of the 
filament and these electrons form a cloud 
around the filament, as shown in Figure 
1.20.  Typically, there is some type of 
focusing cup surrounding the filament that 
pulls this electron cloud away from the 
filament and facilitates more anode current.  
This is due to the fact that a dense electron cloud shields the cathode from the anode and 
subsequently prevents additional thermionic emission due to equilibrium effects.59  Based 
on these facts, tube current in a typical device using a diode configuration is directly 
affected by anode voltage and focusing voltage. 
 
1.6.1  Operation Principles 
 
Figure 1.20:  Diagram showing operation of 
typical thermionic cathode in which a cloud of 
electrons is boiled off the filament and pulled 
away by first the focusing cup and eventually 
the anode voltage. 
 
Figure 1.21:  (a) Diagram showing the triode setup of our CNT devices.  The three electrodes in the 
setup are the anode, gate, and cathode, with the small negative voltage on the cathode being 
electronically controlled.  Without this negative voltage, no electron emission from the cathode takes 
place, and thus this gate-cathode voltage completely controls tube current.  Note that this diagram is not 
drawn to scale and the gate must actually be microscopically close to the CNT emitter surface.  (b) 
Illustration showing how once the electrons pass through the gate that they can be focused with 
electrostatic voltages on auxillary electrodes on the path to the anode.  Note that this diagram is drawn to 
scale, with the inset again showing the fine detail of the CNT emission setup. 
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 The cathodes in our CNT devices operate much differently and in essence, 
completely separate the anode and cathode operation.  All of our devices work in a triode 
configuration, which employs an anode, a supplemental gate electrode, and a cathode, as 
illustrated in Figure 1.21a.  The gate electrode acts to only allow electron current from 
the cathode to the anode when there is a voltage between the gate and the cathode, and in 
a sense, controls whether the cathode is on or off.  With this configuration, the anode can 
be left on DC voltage indefinitely, and thus, the X-rays can be pulsed at a frequency 
completely independent of anode voltage and only dependent on the electronic control of 
the gate.  This triode configuration, although possible with the thermionic cathodes 
described above, lends itself much more readily to devices which employ our CNT 
devices, because their current is based upon field emission. 
 Unlike thermionic triode designs, in which the gate electrode is an artificial 
addition, acting as a macroscopic gate to charge passage, in our devices, the electrons 
themselves are actually microscopically emitted or not from the cathode based on the 
gate-cathode voltage.  This is because our cathodes employ a carpet of CNT emitters that 
are strongly bound to the surface of the metal cathode substrate.67  When a strong electric 
field is placed perpendicular to the surface by the gate electrode, electrons are extracted 
from the tips of the CNTs. In order for this to be possible, though, the gate electrode, 
which in our designs is typically a type of flat mesh, must be placed extremely close to 
the carpet of CNTs on the cathode surface to provide a high enough field to extract 
electrons from the tips of the CNTs .68  After the electrons are emitted, they are attracted 
towards the plane of the gate mesh, with a certain fraction being absorbed by the 
conducting material of the mesh, but most moving on to the anode for X-ray production 
as in all other tubes.  On their way to the anode, electrostatic focusing can be achieved by 
placing conducting apertures of various dimensions and voltages in the path of the 
 28 
 
electrons, shaping the electron 
beam on its way to the anode, 
as shown in Figure 1.21b.69-71 
 This whole process is 
facilitated by the field emission 
from the CNTs, which is made 
possible because of their high 
aspect ratio and tensile strength.  
CNTs are typically a few 
nanometers in diameter 
depending on whether they are 
single-walled or multi-walled 
while being up a few 
micrometers long, creating an aspect ratio of roughly 1000.  Based on this fact, when an 
electric field is placed near the tip of a CNT, there is a tremendous edge-enhancement 
effect of the field that can augment the field by factors well over 1000 times, making the 
CNT act as a lightning rod.72  Because of this edge-enhanced field, electrons are able to 
escape the potential well within the conductor as shown in Figure 1.22.61  This diagram 
illustrates the basic physics behind field emission and also shows how this method of 
electron extraction is far different from thermionic emission. 
 In thermionic emission, the material housing the electrons is heated until the 
electrons randomly overcome the work function of the material by jumping to states far 
above the Fermi level and then spill out of the potential well of the material into the free 
vacuum space in the device, forming the electron cloud described earlier.  The electrons 
then form an equilibrium with the material and the cloud based upon the image potential 
that constantly pulls them back into the Fermi sea and the heat that is making them spill 
 
Figure 1.22:  Diagram displaying the basic physics behind 
field emission and the Fowler-Nordheim equation.  Electrons 
reside in the Fermi sea of the metal to the left and free space or 
vacuum is to the right.  In order to leave the metal the electrons 
must either overcome the work function or tunnel to the other 
side of the diagonal barrier created by the mirror potential and 
the electric field. 
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outside.73  In direct contrast, field emission works based on the application of a strong 
electric field outside of the material.  Such a field causes the image potential to be 
combined with the typical potential of a constant field outside the material, again as 
shown in Figure 1.22, and allows for quantum mechanical tunneling of the electrons 
through the potential barrier into free space.61  They then continue to fall down the 
potential slope created by the field, permanently exiting the material. 
As can be seen here, the strength of the field directly affects the slope of the 
potential outside the material and thus narrows or widens the potential gap that the 
electrons must tunnel through.  Therefore, if the slope of this potential is shallow, such as 
encountered in typical thermionic designs, the probability for tunneling effectively 
vanishes.  But if there is a huge electric field or an enhanced electric field outside the 
material, the slope become quite sharp, and the probability for tunneling becomes finite 
and predictably creates current.  The relationship that governs this current is the well-
known Fowler-Nordheim Equation as shown below.61 
 
ܬ = ܽ߮ିଵ(ߚܧ)ଶ ݁ݔ݌ ቆ−ܾ߮
ଷ ଶ⁄
ߚܧ ቇ  1.2 
 In this relationship, J represents the volume current density emitted from the 
material, β represents the field enhancement factor due to the sharpness of the CNT tip, φ 
represents the work function of the material, E represents the macroscopic electric field 
applied, and a and b are constants.  A derivation of this equation is beyond the scope of 
this work, but it simply follows from the quantum mechanical tunneling through the 
barrier.  As can be seen, the current density will drop quite quickly with a large work 
function, but will rise even more rapidly with a large field enhancement.  This is why 
CNTs work quite well as field emitters even though they have slightly larger work 
functions than other field emitting materials.68 
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For this process to 
actually work with macroscopic 
cathodes, fields, and currents, 
however, much work must be 
done.  This is due to the fact 
that too many CNTs clustered 
together and oriented in the 
same direction will lead to a 
shielding effect and greatly 
reduce field enhancement at 
their tips.  Moreover, the large 
fields required to obtain macroscopic currents created from field emission devices will 
cause enormous electrostatic strain on each individual CNT, not to mention incredible 
heating at the tip.  Therefore, careful fabrication of these cathodes must be conducted in 
order to have them withstand long term use in X-ray devices.  This is accomplished 
through a process involving photolithography, electrophoretic deposition, and the use of a 
custom chemical matrix that the CNTs are suspended in prior to deposition that improves 
adhesion.67  The surfaces of the cathodes are then primed through the repeated 
application and removal of adhesive tape.  This processs has been found to both remove 
weakly bound CNTs from the surface and orient the remaining CNTs in a direction that is 
perpendicular to the surface on average. 
After fabrication, macroscopic IV-curves created from our field-emission 
cathodes amazingly still follow the Fowler-Nordheim relationship, as shown in Figure 
1.23 and its inset, in which ln(ܫ ܸଶ⁄ ) is plotted vs. 1 ܸଶ⁄ .70  As an easier 
conceptualization, however, the curves also tend to fit well to simple exponentials, also as 
seen in Figure 1.23.  As will be seen later, though, the macroscopic cathodes tend to obey 
 
Figure 1.23:  Graph displaying the fit of macroscopic CNT 
cathode field emission data to an exponential plot.  Inset shows 
that the data also fits nicely with the classic Fowler-Nordheim 
relationship. 
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slightly different physics when they are placed in an actual device and resistance is added 
to the system, which will be seen to greatly improve the stability and lifetime of our field 
emission CNT devices at high current densities. 
 
1.6.2  CNT Source Advantages for Compact MRT 
 
The operation of CNT sources as described above provides many advantages over 
thermionic sources, and therefore, we believe that by using a CNT based device that the 
previously described obstacles encountered by typical orthovoltage sources in creating 
MRT dose distributions can be overcome.  CNT cathodes have been shown to be able to 
deliver currents of up to 1μA per CNT in microscopic tests of individual CNTs while also 
being able to deliver current densities in excess of 30 A/cm2 in numerous one 
microsecond pulses even at the macroscopic size of 64cm2.74, 75  Therefore, there is little 
to no question as to whether such sources could provide the necessary current to deliver 
X-ray fluxes similar or greater than the conventional sources listed above.  In addition, 
such cathodes have also been shown to exhibit operational lifetimes feasible for clinical 
use when using lower current densities and longer pulse widths more appropriate for 
therapeutic and diagnostic X-ray production.68 
The main advantage this type of source has for the creation of a compact MRT 
device, however, is its inherent advantage in their ability to be arranged in very close 
proximity to produce multiple focal spots on the same anode.  This has been 
demonstrated though the creation of various stationary tomosynthesis devices each 
employing multiple cathodes and focal spots,34, 76, 77 a micro-RT system employing 
multiple focal spots for digitized RT of small animals,78, 79 and an electron microbeam 
cellular irradiator for radiobiology research;80 some of which are shown in Figure 1.24.  
In addition, these cathodes can also be fabricated in various shapes and their directional
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Figure 1.24:  (a) Photograph of a stationary digital breast tomosynthesis system with integrated CNT 
source array from XinRay, Inc.  The source array takes the place of the moving X-ray source on a 
conventional Hologic, Inc. scanner.  (b) Photograph of a CNT based single cell irradiator with sample 
stage directly over the X-ray window for electron irradiation and microscope over the whole assembly 
for observation of irradiated samples.  (c) SolidworksTM diagram of a fixed gantry tomosynthesis system 
from XinRay, Inc. to be used for image-guided radiation therapy.  Note that the system uses four banks 
of CNT sources positioned around an aperture through which the treatment beam from a commercial 
linear accelerator would pass.  This device is designed to be mounted to the treatment head of the 
accelerator for live imaging of the irradiated target volume. 
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electron emission can easily be focused to create novel focal patterns on the anode such 
as focal lines.81, 82  And finally, they can be easily electronically controlled due the 
inherent triode structure needed to turn them on.  This allows for exact gating to various 
anatomic signals as is already employed by our current micro-CT scanner,31, 70, 83-85 which 
is quite important in case cardiosynchronous motion of the microvasculature does prove 
to be an issue for the efficacy of MRT.  Additionally, this could possibly allow for the 
use of MRT in other parts of the body such as the spinal cord, where gating to respiratory 
signals could eliminate potential blurring of the beams. 
Using these advantages, our group has proposed that it is possible to create CNT-
based, orthovoltage microbeam irradiators employing multiple microfocal lines that can 
be collimated into multiple microplanar beams,86 as shown in Figure 1.25.  By doing this 
we can eliminate the previously discussed stumbling blocks by making it so only the 
points on the anode as seen through the collimator are used for creating X-rays and there 
is no wasted flux or anode heat deposition as was seen in Figure 1.19.  In addition, this 
allows for a more mechanically feasible collimation system that will only be required to 
shape the microbeam pattern 
and eliminate crosstalk between 
focal lines, rather than needing 
to cut down the penumbra that 
an unnecessarily large focal 
spot creates, as was seen in 
Figure 1.18. 
Despite these proposals 
of how our sources could 
feasibly be more adept at 
creating MRT dose 
 
Figure 1.25:  SolidworksTM diagram showing how a multiple 
source array could produce rows of line sources to be used for 
the creation of MRT dose distributions.  Notice how each focal 
line on the array could feasibly be collimated into a single 
microbeam, allowing for no wasted heat on the anode and 
relaxing demands on collimator thickness. 
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distributions in small animals than conventional orthovoltage irradiators, we would still 
be using divergent sources in contrast to the quasi-parallel sources used at synchrotron 
facilities.  Therefore, we will definitely encounter a steep dose falloff with distance which 
will only serve to add to the already weak penetration depth of orthovoltage X-rays.  
Therefore, a pilot study on a way to possibly address this issue was conducted.  This 
study marked the beginning of my own work on our project to make compact MRT a 
reality. 
 
 
 
 
 
 
CHAPTER 2:  BACKGROUND STUDIES FOR CNT MRT 
 
2.1  Reasoning 
 
As a first step in developing 
a device that could address the many 
difficulties described in the first 
chapter that are inherent to creating 
MRT dose distributions using a 
small-scale device, our group 
proposed that it should be possible to 
overlap many microbeams coming 
from various entrance angles, as 
shown in Figure 2.1.  Provided that 
these beams overlap in exactly the 
same plane, the microbeam dose distribution both inside and outside the target region 
should be retained, thus retaining the tumor-specific killing power of MRT.  In addition, 
if a sufficient number of beams are used, the peak dose in such a configuration should 
actually be higher within the target than at the surface, as is the case with conventional 
3D conformal radiation therapy.  Moreover, any compact X-ray source capable of 
creating microbeam dose distributions could employ this method and would thus have a 
significant advantage over MRT provided from a synchrotron.  This is because all 
irradiation geometries involving multiple entrance angles originating from a stationary 
source require that the target be moved relative to the source and not vice-versa, and 
 
Figure 2.1:  Diagram illustrating the overlapping of many 
microbeam arrays in the center of a cylindrical phantom.  
Note that if each microbeam in each array overlaps 
perfectly with its corresponding microbeam coming from a 
different direction in exactly the same microplane, the 
microbeam dose distribution in the axial direction of the 
cylinder should be retained. 
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although this has worked quite well for various small animal studies at synchrotron sites, 
it will clearly be non-ideal for delivering radiation from numerous entry ports in a clinical 
setting.38, 39, 87, 88 
Therefore in order to evaluate the mechanical feasibility of developing a device 
capable of producing MRT dose distributions such as those described above, a smaller-
scale pilot study was devised and enacted.  By using our pre-existing micro-CT scanner 
as a surrogate for rotating treatment head, we would append a collimator and 
corresponding alignment system to it in the hopes of first creating a microbeam from our 
cone-beam source and then aligning this beam in such a way to have it overlap with 
beams incident from other gantry angles.  And if these two goals turned out to be 
demonstrable through several qualitative experiments, we would move on to conduct a 
dose rate measurement that would provide the basis for the creation of a full-scale device 
to bring our initial concept to life. 
 
2.2  Example of Initial Simulations 
 
As a proof of concept, a multiple Monte-Carlo simulation studies were done 
before the mechanical pilot study was conducted to determine the mathematical 
feasibility of overlapping multiple microbeams from different entrance angles as a 
method of increasing microbeam dose at the center of a phantom.89  These studies 
demonstrated an effect that lowers the surface dose relative to the target dose even while 
using the lower energies needed for MRT.  In one simulation, ninety separate 
microplanar X-ray beams were simulated as penetrating into a 15cm diameter cylindrical 
water phantom, approximating a pediatric head.  These beams were incident from ninety 
different coplanar angles and overlapped at the center of the phantom.  The microplane of 
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each beam was coincident with the plane in which the beams overlap, therefore the plane 
of interest in the simulation is also concurrent with the microbeam planes. 
Each microbeam was simulated to be 50μm thick and 9mm long at an isocenter 
17.5cm away from the presumed focal spot.  The X-ray spectrum emitted from this focal 
spot was simulated by “Spectrum Processor” and was created using 150keV electrons 
impingent on a tungsten target with a viewing angle of 16°, and then filtered by 1.5mm of 
aluminum.  This spectrum was then fed into DOSXYZnrc, where dose was simulated by 
the interaction of the photons in this spectrum with electrons in the phantom via Compton 
scattering or the photoelectric effect and the resultant energy deposition of these electrons 
within the rest of the phantom 
material.  After one beam was 
simulated, the dose pattern from 
this one beam was mathematically 
superimposed into each of the 
ninety entry angles. 
This initial simulation 
showed positive results and 
indicated that it should be possible 
to create an effect that lowers the 
surface dose relative to the target 
dose, even with the required low 
beam energy and while retaining the microbeam structure.  As seen in Figure 2.2, dose in 
the center of the simulated phantom is five times higher than dose at the edges and only 
has a FWHM of 12mm, conforming well to the order of magnitude of the simulated 
individual microbeam length.  Results from this small study clearly indicated the need to 
 
Figure 2.2:  Simulation results showing the in-plane dose 
profile of ninety overlapping microbeams.  Note the bowl 
shape on the outer rim caused by the low penetration depth 
of orthovoltage X-rays mitigated by the peak in the center 
caused by overlap. 
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move forward with the design and creation of the experimental setup to confirm the 
feasibility of achieving this type of dose overlap at such microscopic beam sizes. 
 
2.3  Custom Devices Built and Protocols Developed 
 
As stated earlier, in order to conduct the pilot study, we used our pre-existing 
micro-CT scanner as a low-power model of a rotating therapeutic X-ray source.  The 
scanner consists of a microfocus CNT X-ray tube mounted on a rotating gantry based on 
a small-bore goniometer (Huber 430, Germany) and a commercial flat panel X-ray 
detector (C7940DK-02, Hamamatsu) used for collimator alignment purposes and then 
removed during phantom irradiation.  The microfocus X-ray tube houses the CNT 
cathode assembly whose design has been discussed in previous publications31, 70, 71, 84 
from our group and a tungsten anode with a 12° takeoff angle.  This tube produces an 
effective 100μm focal spot as viewed through a 0.2mm thick beryllium X-ray window. 
For this particular experiment, the tube window was moved approximately 4cm 
further away from the gantry isocenter than the 12cm used during normal operation to 
allow for the placement of a custom-made microbeam collimator alignment assembly 
described below.  The anode was given a voltage of 50kV, while the cathode was set at a 
relatively low duty cycle of 10% and a current of 1mA.  Non-collimated entrance dose 
rate was determined based on previous studies with this X-ray tube and scanner31 to be 
roughly 0.24cGy/mAs at the increased source to axis distance, with mAs as listed here 
and later in this chapter referring to mA of cathode current multiplied by seconds of tube 
on-time. 
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Figure 2.3:  SolidworksTM representations of the (a) entire assembly including X-ray tube, phantom, 
collimator alignment assembly, gantry, and camera; and (b) X-ray tube and collimator alignment assembly 
showing degrees of freedom necessary to select the appropriate collimation microplane that will coincide 
with the gantry’s plane of rotation.  (X-ray window not shown because it is covered by the alignment 
assembly) (c) Diagram illustrating the process of microbeam irradiation using our microfocus X-ray tube. 
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 Because the micro-CT scanner described above is a cone beam scanner that 
covers the entire field of interest in one rotation, a custom-made microbeam collimator 
had to be affixed to the X-ray window, as shown in Figure 2.3a, in order to shape this 
cone beam into a sub-millimeter fan beam as shown in Figure 2.3c.  This collimator was 
fashioned from two stainless steel gauge blocks (Mitutoyo, Japan) clamped together 
against two 220um glass spacers.  The resulting collimator was 25mm thick with a 25mm 
long and 220um thick slit.  In addition to collimating the beam into a fan, the alignment 
system also had to be able to select out the appropriate planar portion of the cone beam 
that would perfectly coincide with the gantry’s plane of rotation so as to ensure the 
multiple beams would overlap.  In order to do this, the collimator alignment system 
shown in Figure 2.3b was designed with the ability to translate in a direction 
perpendicular to the plane of gantry rotation, pitch in a direction above and below the 
gantry plane, and roll around the 
axis of the cone beam.  Using these 
three degrees of freedom, the 
collimator was aligned in such a 
way to create a fan beam that 
would be precisely in the plane of 
rotation regardless of the angle of 
the gantry. 
To achieve this alignment, the translation stage (Newport 426A with TRA25PPM 
actuator) was first used to scan through its range of motion to find a setting in which the 
focal spot was visible through the collimator, as illustrated by Figure 2.4.  This was 
accomplished by looking at a live image on the X-ray detector and finding the position at 
which the X-ray flux through the collimator was at a maximum.  After finding this initial 
position, a single radiochromic film (Gafchromic XR-QA, International Specialty 
 
Figure 2.4:  Illustration showing how the collimator is 
initially swept through the beam until X-rays start to make it 
through the slit and are visible on the camera. 
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Products) was irradiated from two opposing horizontal positions (which will be 
designated as 0° and 180° from here on) of the X-ray tube on the gantry, creating a 
crossed line pattern on the film.  The film was scanned using an Epson V700 flatbed 
scanner and an angle between the two lines produced was measured using ImageJ 
(National Institutes of Health).  The roll angle was adjusted by half this angle with the 
first rotation stage (Newport RS-65 with SM-13 actuator) and another film was irradiated 
to verify overlap.  Next, the same procedure was repeated except the film was irradiated 
edge-on to determine the pitch angle offset.  Once again, after the pitch angle was 
adjusted using the other rotation stage (Newport RS-65 with NSA12 actuator), a new film 
was irradiated for verification.  In these measurements, it was assumed that the pitch and 
roll adjustments followed the small-angle approximation and thus were linearly 
independent. 
 After alignment, a 1.5mm thick piece of lead with a 5mm aperture was affixed to 
the exit side of the collimator as shown in Figure 2.5a.  This shaped the final exiting X-
rays into a microbeam with dimensions of 5mm x 220μm.  The final distance from the 
collimator exit to the X-ray focal spot was measured to be 121.5mm in SolidworksTM 
(Dassault Systems, France), the program in which the alignment assembly and the X-ray 
tube were initially designed.  Due to this fact and our naturally divergent source, the 
beam dimensions at the isocenter were estimated to be 6.5mm x 300um by a customized 
geometric beam shape calculation tool developed in Matlab (MathWorks, Massachusetts) 
and as shown in Figure 2.5b and Figure 2.5c.  As a final step, a 0.5mm thick aluminum 
sheet was placed behind the collimator for beam filtration to prevent excess surface dose 
on the phantom. 
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 In order to conduct dosimetric measurements, a specialized phantom and holder 
were designed that attached to the preexisting mouse stage of our micro-CT scanner.  
This mouse stage is capable of micrometer precision in positioning and thus was well 
suited for placing the center of the phantom at the gantry isocenter and creating distinct 
microbeam patterns by phantom translation.  The phantom itself was constructed out of a 
25mm diameter, 127mm long acrylic cylinder, which was cut into four quadrants as 
 
Figure 2.5:  (a) SolidworksTM diagram showing how the lead conformal collimator is placed on the 
system to shape the length of the microbeam.  (b) Readout of our custom MatLabTM program showing the 
predicted microbeam width of 300μm at the isocenter.  (c) Similar readout showing the microbeam length 
at the isocenter. 
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shown in Figure 2.6.  Crossing Gafchromic XR-QA films were placed in the phantom for 
all qualitative experimentation to 
be explained below. 
 
2.4  Qualitative Experimentation 
 
As described above, the 
collimator was initially aligned 
using the 0° and 180° points on the 
gantry, but it was discovered at the 
beginning of experimentation that when using the 90° and 270° points the microbeams 
were misaligned. In particular, not only were they misaligned, but the resulting beams 
were perfectly parallel and slightly offset to each other, as shown in Figure 2.9a and 
Figure 2.9c.  This was shown to be due to a small weight shift in the gantry arm that 
during CT scanning was 
unnoticed due to the cone beam 
nature of the device and the fact 
that the only consequence would 
be a microscopic change in the 
distance from the focal spot to the 
sample.  When using the 
microbeam collimator, though, 
the small vertical displacement 
produced a small angular shift in 
the pitch of the microbeam as 
shown in Figure 2.7; causing the 
 
Figure 2.6:  Photograph of cylindrical acrylic phantom with 
crossed film sandwiched inside. 
 
Figure 2.7:  Diagram illustrating how when the tube is at 
90°, the microbeam plane tilts into the isocenter axis; and 
when it is at 270°, the plane tilts away from the isocenter 
axis, causing parallel and unaligned microbeam paths.
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beam from the top to tilt into the plane of rotation, and the beam from the bottom to tilt 
out of the plane of rotation.  This small but vexing error therefore warranted a slight 
change of our initial plans to overlap microbeams incoming from a uniform distribution 
of entrance angles as in simulation. 
 
2.4.1  Methods 
 
 Because of the number of 
degrees of freedom in our 
collimator alignment, this problem 
could have been corrected for by 
realigning the collimator for every 
entrance angle.  But seeing as how 
this was a proof of concept study 
and not a standalone experiment, 
we instead elected to only use 
angles in four sections of 60°, each 
centered on one of the four main 
axes as shown in Figure 2.8 and 
being made up of eleven different 
entry ports spaced evenly at 6° apart.  Each entry port used ten 0.1mAs pulses per 
entrance angle to accumulate enough dose on the film for suitable readout.  The 
collimator offsets needed to account for the misalignment of the vertical beams, as 
corrected in Figure 2.9b and Figure 2.9d, were measured for the 90° and 270° points and 
then used for the entirety of the top and bottom segments, while the initial collimator 
settings were used for the right and left segments.  After irradiation, the crossed films 
 
Figure 2.8:  Incoming irradiation was evenly distributed 
within the four 60° sections shown (technically using 11 
separate entrance angles from each section).  Four quadrant 
circle in the center represents the phantom and the outer arcs 
represent the path of the focal spot around the gantry 
isocenter.  Distances are to scale and excess arc thickness is 
due to finite 6mm length of beams. 
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were removed from the phantom and scanned and processed according to procedures to 
be listed below.  The scans were then analyzed for beam overlap simply by comparing 
the beam width with that of a beam incident from only one direction.  Also, films were 
qualitatively examined for dose accumulation in the center of the phantom to show the 
feasibility of experimentally recreating results similar to those from simulation. 
After the main overlap study, a couple of other experiments were performed to 
further display the capabilities of our collimator alignment system and to show parallels 
between the possibilities of a desktop MRT system and synchrotron-based MRT.  The 
first of these studies was a measurement of our peak to valley dose ratio (PVDR) at 
center-to-center beam spacings of 600um, 900um, and 1200um.  For this experiment, 
only the 0° and 180° entrance angles were used, so as to not have to readjust the 
collimator for the vertical offset discussed above.  A pattern of five microbeams was 
delivered to the phantom and film, each consisting of 120 pulses from each of the two 
 
Figure 2.9:  Correction of problem due to slight deformation of X-ray tube arm from gantry by using the 
collimator alignment assembly.  (a)  Film displaying offset microbeam paths at 90° and 270° due to 
sagging tube arm.  (b)  Film exemplifying and verifying ability of collimator alignment assembly to 
correct for this deformation by selecting a different microplane in both cases that would once again 
coincide with the gantry plane of rotation.  (c) and (d)  Analysis of films in (a) and (b) illustrating the 
complete overlap of the corrected alignment by showing the same FWHM for the two separate unaligned 
beams and the corrected overlapped beam. 
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opposing directions.  The pattern was delivered by setting the gantry to the 0° angle, 
delivering the 120 pulses to the phantom, and then translating the phantom along its axis 
by the appropriate beam spacing after each set of pulses.  The gantry was then rotated to 
the 180° angle and the steps of the first pattern were retraced, creating microbeams that 
would overlap with the first set of five beams.  After irradiation, the film was scanned 
and the ratio of the peak dose and the minimum dose in the valley was calculated. 
In our last experiment, we displayed 
the capability of our system to interlace 
microbeams coming from different gantry 
angles to produce a microbeam pattern 
outside the target area while blanketing the 
target area with a more uniform density of 
dose.  This experiment used only the four 
main axes for entrance angles, giving 132 
pulses of 0.1mAs from each direction and 
using the proper collimator offsets to correct 
for weight deformation at the 90° and 270° 
entrance angles.  Five beams from the 0° and 
180° directions were spaced by 900um 
center-to-center along the axis of the 
phantom and offset by half this spacing from 
four beams incident from the 90° and 270° 
angles.  The method of creating this spacing 
was similar to that described for the PVDR 
study above, delivering all necessary beams 
from one direction by translating the 
 
Figure 2.10:  Screenshots displaying how the 
film scans were prepared for analysis through 
rotation and averaging many pixel values along 
the microbeam length. 
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phantom to create the correct pattern, then rotating the gantry and delivering the proper 
set of beams from the next direction by retracing over the patterned area.  Finally, the 
film was removed from the phantom, scanned, and qualitatively examined for interlacing 
capabilities. 
All radiochromic films for qualitative experimentation were scanned in the 
EpsonV700 flatbed scanner with an interpolated 2um resolution and dose profiles were 
attained by analyzing the data in ImageJ.  To attain dose profiles across the line patterns 
produced, microbeam lines were aligned orthogonally by image rotation and pixel values 
were averaged along a thick rectangle crossing and covering the beam pattern in question, 
as shown in Figure 2.10.  These values were converted to net optical density (netOD) 
using the standard method shown below:90 
 
݊݁ݐܱܦ = ܱܦ௘௫௣௢௦௘ௗ − ܱܦ௨௡௘௫௣௢௦௘ௗ  2.1 
 
ܱܦ = − logଵ଴ ܫ  2.2 
In equation 2.2, I refers to intensity, or simply the raw scanner value.  After these 
conversions were made, netOD was plotted vs. position and labeled as relative dose using 
Microsoft Excel.  No calibration curve for fitting optical density to dose was created for 
this set of experiments because only approximate relative dose profiles were needed, and 
it is well-accepted that netOD is an adequate surrogate for relative dose.91 
 
2.4.2  Results 
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Once designed and fabricated, the most basic test of the new system’s capabilities 
was to initially determine if the collimator could be aligned in such a way as to select a 
planar section from the cone beam formed by our micro focus X-ray tube that would 
perfectly coincide with a planar section coming from the opposing gantry angle.  During 
initial collimator alignment, it was observed that the beam width of two opposing 
overlapped beams as marked on film was 290um, as can clearly be seen in Figure 2.9d.  
The width of a single non-overlapped beam at the isocenter of the micro-CT scanner was 
expected to be around 300um (as was determined by geometric calculation), while the 
width of a single beam was actually measured to be 290um.  From these measurements, it 
can be concluded that the overlap of the two beams is coincidental to within the intrinsic 
error of our measurement technique.  It was also observed that the width of the 
 
Figure 2.11:  Results of the overlap experiment showing (a) the inverted grayscale image of the vertical 
irradiated film, (b) a graph of relative dose displaying the dose profile along the width of the overlapped 
microbeams, and (c) a graph of the dose along the length of the irradiated line displaying roughly double 
the dose in the center of the phantom than in the peripheral areas.
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overlapped beams as marked on film does not display additional widening at the edges of 
the phantom, indicating that the beams do not merely cross at the isocenter, but rather 
overlap through the entirety of their transmission through the phantom. 
 During the primary experiment in which beams were overlapped from 44 
different entrance angles, the beam width as marked on film was 300μm, as shown and 
graphed in Figure 2.11a and Figure 2.11b.  This is only 3.4% wider than the measurement 
only involving two opposing beams, and some widening was to be expected due to the 
aforementioned problem with the small deformation of the gantry arm under the weight 
of the collimation system and X-ray tube. Even with this problem, the beam width near 
the edges of the phantom still displayed the same width as a single beam.  As shown in 
Figure 2.11c, which represents a measurement of dose along the beam path in the vertical 
direction, relative dose in the center of the phantom was measured to be roughly two 
times higher than dose in the surrounding material. 
 
Figure 2.12:  Films and dose profiles of microbeams delivered with different center to center (c-t-c) 
spacings.  Vertical axes in graphs (d-f) represent relative dose (normalized to the maximum dose).  Film 
(a) and profile (d) of 290um microbeams delivered at 600um c-t-c spacing.  Film (b) and profile (e) of 
similar beams delivered at 900um spacing.  Note that there was an error in delivery in the fifth beam so 
only the previous four were used in the PVDR and valley width calculations.  Film (c) and profile (f) of 
beams delivered at 1200um spacing.  Also note the higher noise level in the valley at the largest c-t-c 
spacing, indicating the possibility of a lack of measurable dose in this region.
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 Film scans from the next study, which measured PVDR at different beam 
separations, are displayed in Figure 2.12, and results are listed in Table 2.1.  As can be 
seen from the dose distributions, the relative valley doses produced by our divergent 
source were much less uniform than those measured from parallel sources.  Therefore, it 
became necessary to specify not just a peak to valley dose ratio and full width at half 
maximum of the peak, but also some sort of valley width as well.  We defined this valley 
width as shown in the following equations. 
 
ܦଵ଴ = 0.1 × (ܦഥ௠௔௫ − ܦഥ௠௜௡) + ܦഥ௠௜௡ 3.3 
 
	ݓഥ 	= 	 1݊ ෍ ݔଶ௜ାଵ(ܦଵ଴)
௡ିଵ
௜ୀଵ
− ݔଶ௜(ܦଵ଴) 3.4 
In these formulas, ݓഥ  represents the average valley width of the distribution, ܦഥ௠௜௡ 
represents the average minimum dose in the valleys, ܦഥ௠௔௫ represents the average peak 
dose, and ܦଵ଴ represents the threshold dose below which the part of the dose distribution 
in question is considered the valley.  In a microbeam distribution with ݊ peaks, the 
positions at which the dose is equal to ܦଵ଴ are represented by ݔ௝(ܦଵ଴) where the first 
valley between peaks must begin at ݆ = 2.  Results of these calculations are also given in 
Table 2.1, along with modified PVDRs based upon average relative doses across the 
entire valley widths.  As a side note, it must be stated here that 10% of the peak to valley 
Beam Pitch Beam Spacing PVDR Valley Width Modified PVDR* 
1:2 600μm 5.1 190μm 4.5 
1:3 900μm 8.6 450μm 6.7 
1:4 1200μm 19.8 620μm 9.6 
Table 2.1:  PVDR and Valley Width for various center-to-center beam separations of our divergent 
microbeams.  Microbeams had FWHM values of 300μm.  All results here are averaged over all peaks (or 
valleys) in the array.  *Modified PVDR uses average relative dose across all the valley regions, while 
normal PVDR simply uses the average minimum dose in the valleys. 
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dose separation was arbitrarily chosen as an appropriate value for determining valley 
widths.  If in later research it is shown that a large portion of the valley must be kept 
below a certain threshold dose for MRT to be effective, this value can and should be 
changed to reflect experimental data. 
 In the final qualitative study on interlacing microbeams, we were successful in 
placing one pattern inside the other as shown in Figure 2.13.  This effectively created a 
dose pattern that was well defined as a microbeam distribution outside the target area, but 
inside the target area had roughly twice the density of dose, thereby doubling the dose 
volume.  As a side note, it can be seen from the film that beams incident from the 
direction parallel to the film produce less signal than perpendicularly incident beams even 
though the same amount of beam on time was used.  This inconsistency was to be 
expected, though, since numerous studies have reported conflicting results on film 
behavior when it is irradiated in configurations such as ours.92-94  Therefore, a relative 
dose profile for this film is not shown and we expand upon consequences of the 
conclusions of these studies in relation to our other experiments below. 
 
Figure 2.13:  Scanned image of film in which beams were overlapped from opposing directions and 
interlaced in perpendicular directions.  Dose volume was doubled in the target region while surrounding 
regions only see a typical microbeam pattern.  The relative dose profile for this film has been omitted 
because of inconsistencies in film response when beams are incident edge-on to the film. 
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 As was seen from the results of initial alignment and the overlap of collimated 
microbeams from opposing angles, the machinery designed for this work proved quite 
capable of creating microbeams from our CNT X-ray source and positioning these beams 
in such a way as to make them coincident in the plane of interest within the target.  In 
regards to the experiment in which multiple entrance angles were used, the achieved 
alignment was above and beyond what was expected based upon the weight deformation 
of the pre-existing X-ray source.  In fact, the ability of the alignment assembly to almost 
completely correct a problem so inherent to the pre-existing micro-CT scanner is only a 
further testament to the precision of the process and clearly the main reason behind our 
success in achieving complete overlap to within 4% of the microbeam width.  It was also 
noted that the beam width remained fairly constant even outside the target region, 
indicating that alignment was acceptable and would keep dose out of the valleys 
throughout the entirety of the phantom when using an array of overlapped beams.  This is 
an ability that will be essential to sparing normal tissue surrounding targeted tumors in 
MRT treatments. 
 Although the data on beam width and alignment is quite conclusive, results 
involving the dose addition in the target region where beams were overlapped must only 
be considered qualitatively due to nature of our setup.  Various studies have shown that 
discrepancies in quantitative analysis can arise when irradiating film in an orientation 
parallel to the beam path and sandwiching film in plastic phantoms with possible air 
gaps.92-94  Therefore, even though the film showed an increase in measurable signal 
within the targeted region when compared to the signal in the periphery of the phantom, 
how much of a corresponding increase in dose is unknown because half of the irradiation 
was delivered perpendicular to the film while the other half was incident edge-on.  
Judging by the results, though, it was at least assumed that dose addition indeed occurred 
in the target region and thus a higher dose was received in the center of the phantom than 
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in the periphery.  Although this cannot be used as a quantitative result to compare with 
our initial simulation, it does show that beam overlap and dose addition is possible and 
achievable with methods of alignment similar to those shown here.  The stark difference 
between the simulated results and the experimental trials were due to the higher number 
of microbeams incident on the phantom in simulation, the larger size of the phantom 
compared with microbeam length, and the more uniform and ideal spacing of these 
beams around the periphery of the simulated phantom. 
Another positive outcome that could be gleaned from the results regardless of the 
inaccuracies inherent in analyzing edge-on irradiated film was that the signal within the 
peripheral region lacked the typical exponential and inverse square fall-off characteristic 
of a single low-energy beam traversing through an attenuating material at a small SSD, 
such as that seen in preliminary edge-on films used for initial, unidirectional collimator 
alignment.  Dose on either side of the sample region in Figure 2.11a was therefore 
assumed to be fairly uniform from entrance to exit of the phantom due to the multiple 
entrance angles coming from either side. 
After an analysis of the results from the PVDR study, it was decided that keeping 
a beam width to separation distance of approximately 1:4 would be used for future 
designs due to this configuration’s average valley width of 620um and PVDR of 19.8.  
The valley dose was rather noisy in this configuration, though, possibly due to the 
delivered dose in this region being below the consistently measurable threshold of the 
film, and so therefore the PVDR for this configuration was recalculated using the average 
dose within the valley width and determined to be 9.6.  We considered this to be the bare 
minimum for an acceptable PVDR, and so the valley widths and PVDR values of the 
other configurations were deemed to be too small to allow for normal tissue repair when 
giving peak doses on the order of 100s of Gy based upon studies done at synchrotron 
facilities.5, 6, 95 
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As mentioned earlier, our beams originate extremely close to the target region and 
thus there is an expected, non-negligible increase of beam size in both the length and 
width.  This divergent beam is also predicted to produce much more collimator scatter, 
which will in turn increase valley dose beyond what is seen from the quasi-parallel beams 
produced at synchrotron sites and subtract from peak dose.40  The divergent nature of the 
beam also causes its peak intensity to decay with distance as well as with attenuation.  
Finally, imprecision in stage motion can always produce minor offsets in beam overlap as 
can be seen in Figure 2.12 by the occurrence of doubly tipped peaks.  These factors 
jointly contribute to the lowering of our PVDR or the widening of our X-ray beam at the 
target region, and therefore a wider beam separation distance than recommended by 
previous MRT studies using similar beam widths is warranted.16, 96, 97 
The qualitative study on interlacing capabilities further highlighted the utility of 
our collimation system and micro-focus X-ray tube by demonstrating their ability to paint 
micro-metrically accurate dose distributions within the target region of the phantom.  In 
this way, a system of this type could create microbeam distributions such as those seen in 
various synchrotron studies that overlap, interlace, or cross in the target region to increase 
the peak dose and/or the valley dose given to the target.11, 16, 39, 98  Finally, this 
experiment, using only four incident angles, displayed the conjunction of microbeam 
overlap, which creates higher dose in the center of the phantom and thus creates a skin-
sparing ability even at low energies, with interlacing, which creates a more continuous 
dose volume in the target region.  Expanding this concept to multiple gantry angles on a 
larger phantom would allow for the possibility of simultaneously producing a maximum, 
continuous dose distribution at the target while leaving a lower-dose, microbeam dose 
distribution in the surrounding regions by using a fraction of the angles for overlap and 
the remaining fraction for interlacing.  In this way, both dose magnitude and volume can 
be increased at the target. 
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2.5  Translation to Full-Scale Device 
 
After the determination 
that it was indeed possible to 
create microbeam dose 
distributions using our 
divergent source, a single 
quantitative dose experiment 
was performed in order to 
provide an estimate for the 
capabilities of a full-scale device.  This experiment was set up in exactly the same 
manner as the main qualitative overlap study above with the additional caveat that fifty 
0.1mAs pulses were given from each of the 44 entry angles instead of the ten previously 
described.  In addition, Gafchromic EBT2 film from Ashland, Inc. was used for this study 
instead of XR-QA because of the aforementioned lack of a calibration curve for XR-QA.  
For dose readout of the EBT2 film, the dose calibration curve created for use in the 
CyberKnife® suite of the North Carolina Cancer Hospital was employed. 
After irradiation, the crossed films were removed from the phantom and sent to 
the hospital to be analyzed, where the maximum dose was determined to be 34cGy.  
Assuming the near perfect overlap demonstrated by the geometric studies above, this 
measurement does not quite agree with the previously measured dose rate of the micro-
CT tube, which given the 2200 pulses of 0.1mAs each should have resulted in a dose of 
52cGy with no attenuation.  With the 1.3cm of attenuation present in our phantom and an 
effective energy of the micro-CT scanner of roughly 30kV as illustrated by its spectrum 
shown in Figure 2.14, a dose value of 33cGy would have been expected based on a 
Figure 2.14:  Graph displaying the expected X-ray spectrum of 
the micro-CT scanner used for the pilot study.  Note that the 
effective energy is roughly 30kV. 
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cursory calculation of attenuation using the Beer-Lambert Law and tabulated values for 
the attenuation coefficient of acrylic at this energy.99  This result agrees quite nicely with 
the film measurement and again indicates nearly perfect overlap and collimator 
transmission. 
The measurement of 34cGy at the center of the phantom along with the proposed 
device specifications for our full-scale device were also used to extrapolate an estimate of 
its capabilities by making use of the following relationship between the output power of 
an X-ray tube and its operational parameters. 
 
ܲ ∝ ܫܼܸଶ  2.5 
This proportionality statement was modified from the standard equation for the 
total unfiltered radiant energy from the bremsstrahlung spectrum of a reflective anode 
type X-ray tube,60 and basically states that the X-ray power radiated varies linearly with 
tube current (I) and atomic number of the anode material (Z) and quadratically with the 
accelerating anode voltage (V). 
As can be seen in Table 2.2 below, the 34cGy measurement for this setup 
corresponds to a dose rate of 0.00155Gy/mAs.  Therefore, in order to get up to a dose rate 
of 100Gy/s with the already proposed anode voltage of 160kV, a total cathode current of 
1.4A was needed, correspondingly roughly to 1.4A of tube current given the simulated 
transmission rate of 70%, as determined in the next chapter.  It should be mentioned here, 
though, that initially the 1mA of cathode current used in this experiment was mistaken 
for 1mA of anode current, tremendously confusing all the data.  Therefore, when this 
calculation was done at the beginning of the project, it was assumed that 1.4A of anode 
current was needed, which translated to two full amps of cathode current necessary to 
achieve the desired dose rate.  Either way, this large amount of current would have to be 
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provided by multiple cathodes emitting onto a very large area on the anode, so as to 
safely dissipate the heat without melting the anode material. 
Based upon the advantages and flexibility offered by CNT sources as described in 
the introduction, however, we believed that this was possible by creating a circular 
source, as will be described in detail in the next chapter as the initial concept behind our 
full-scale device.  Moreover, after the completion of the mechanical and dosimetric pilot 
studies described earlier, it was not only seen that delivering precise microbeam dose 
distributions by using many of our CNT X-ray sources in tandem should be possible, but 
that the method of overlapping microbeams coming from various angles could serve to 
mitigate the problem of the small penetration depth of the orthovoltage beams necessary 
for proper MRT dose distributions.  Therefore, it was decided to move on with the design 
and development of the first generation compact MRT device. 
Sadly, though, as will be seen in later chapters, the dose rate as calculated here 
was never achieved. This was primarily due to the fact that the scaling process listed 
above was found to be in tremendous error when comparing different devices with 
starkly different energy spectra.  This was verified by the fact that a similar estimate 
using our stationary tomosynthesis system, which also uses a much lower anode voltage 
(30kV), also concluded that a dose rate of over 100Gy/s could be achieved with 2A of 
cathode current while the actual doses eventually measured in the prototype device fell 
short of this capability by over an order of magnitude. 
Device 
Configuration 
Dose Rate 
(Gy/s) 
Anode 
Voltage 
Anode 
Material (Z)
Source 
Distance 
Cathode 
Current 
Micro-CT 0.00154 50 kV Mo (42) 16 cm 1.0 mA 
Prototype 100† 160 kV W (74) 12 cm 1.4 A* 
Table 2.2:  Calculation of the necessary cathode current* to achieve 100Gy/s† in the prototype device 
based upon the measured MRT dose rate using the micro-CT scanner.  Note that the different configuration 
source distances necessitate an inverse-square correction in addition to those indicated by Equation 2.5. 
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Moreover, a laundry list of complications encountered in development and 
optimization of the prototype MRT system, all of which will be meticulously detailed in 
the following chapters, also hindered the realization of an ultra high dose rate from our 
compact device.  As was explained in the first chapter and as will be mentioned again in 
the next, though, synchrotron MRT studies, while claiming their ultra-high dose rates are 
necessary for the efficacy of the treatment, have never technically proven the need for 
such dose rates in murine subjects.  Therefore, due to this fact and our own experimental 
complications, the purpose of the project would gradually shift towards simply achieving 
MRT dose distributions in a timely manner with a tabletop system, rather than creating 
ultra-high dose rates with an overlapping source. 
 
 
 
 
 
 
CHAPTER 3:  DESIGN AND DEVELOPMENT 
 
3.1  Initial Design Purpose 
 
The first generation device was initially designed to be one section of a larger 
device that would encircle either a phantom or a small animal with X-ray sources.  Each 
one of these sources was to deliver a microbeam array to the isocenter of the larger 
device, and mirror what was shown to be possible in the pilot study.  In this way, multiple 
sources would replace the multiple entrance angles used in the pilot study, and a large 
dose could be delivered all at once.  The motivation behind this design was two-fold. 
First and foremost, it was thought at the time that the ultra-high dose rates used at 
synchrotron facilities were necessary to prevent blurring of the MRT dose distribution 
due to cardiosynchronous motion of brain tissue in mice.  Therefore, in order to deposit 
the incredibly high doses necessary for MRT efficacy, a source had to be created that 
could deposit a large amount of dose in a fraction of a second, and be gated in such a way 
that would allow successive pulses to be fired at the same point in the cardiac cycle.  This 
would allow for a cumulative dose of well over 500Gy to be delivered in a clinically 
feasible timescale without blurring the dose distribution in the brain tissue. 
Secondly, this approach was shown by simulation and experimentation discussed 
in the second chapter to create a larger in-plane dose in the target region of the irradiated 
phantom or small animal than on its periphery.  This would prove to be quite necessary if 
the treatment was to ever make its way to the clinic to treat the childhood brain tumors it 
promised to cure.  This is due to the fact that in a human head the decrease in dose 
through the skull and the large amount of interlaying brain tissue would be far too great 
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for the microbeams to retain their tumor ablating abilities at the target site.  Even with the 
incredible normal tissue sparing ability of MRT, the dose could not be kept low enough at 
the skin and bone surfaces while still being high enough at the tumor site due to the 
necessarily low orthovoltage energies of MRT. 
Based on this line of reasoning, 
the most ideal full-scale device would 
be circular in nature, consisting of 
either a single or multiple high voltage 
anodes with multiple and separate focal 
line arrays created by a large set of 
independently controlled and focused 
CNT cathodes.  Each of these focal line 
arrays would be pre-aligned to within 
micrometer precision so that each of 
their focal lines would lie in the same 
microplane as the corresponding lines 
of the other arrays around the circle.  A 
single, circular, micro-machined 
microbeam collimator with multiple 
slits would be affixed to the inner 
surface of the circular X-ray tube so as 
to collimate each array of focal lines 
into separate microbeam arrays.  The 
slits of this collimator would comprise a 
set of parallel, circular dotted lines, 
aligned precisely to the same expanded 
 
Figure 3.1:  (a) Idealized illustration of a compact 
MRT device noting the divergence of the beam in 
the conformal dimension.  In an ideal device, each 
microbeam array would have its own conformal 
collimator to mitigate this effect. (b) Cross section of 
the same device. (c) Illustration showing mouse and 
collimator. Note that collimator is as close to target 
as possible to prevent unnecessary divergence of the 
beam width.
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pattern of focal lines within the X-ray tube.  Various concept drawings of this ideal 
design are presented in Figure 3.1. 
From a physics standpoint, the beauty and symmetry of such a design is clear.  
Instead of the typical X-ray tube design in which a rotating anode spreads the heat from 
one focal spot around a full circle of the anode to create a highly luminous single source, 
this design would also spread the heat across a large circular path.  But in this case, the 
path would be much larger because it would encompass the irradiation area, not require 
rotation, and make use of a large number of much weaker sources to create a much more 
favorable dose distribution in the subject. 
From an engineering standpoint, though, many of these features would be 
prohibitive in creating a first generation device.  For instance, the creation of a compact 
circular tube would restrict access to the vacuum chamber should anything fail during the 
first stage of development, requiring a lengthy disassembly and possibly a complete re-
fabrication.  In addition, the microplanar alignment of all the focal lines would prove to 
be a rather pointless endeavor if some of the more basic design components such as high 
 
Figure 3.2:  Concept drawings showing the transition to a square design.  Note that the collimators in 
both the designs are still round and quite close to the target at this phase of design.  It was initially 
thought that collimator alignment would be simple given a set of pre-aligned focal line arrays, although 
it was later found to be simpler for each section to have its own maneuverable collimating apparatus.  
Drawing on the right side also illustrates the multiple source array and the conformal collimator that 
would be necessary to reproduce results from the pilot study and simulations. 
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voltage capabilities, proper electron beam focusing, and thermal management of the 
component materials were to fail and require tweaking.  Finally, the construction of 
circular components in general is a much more costly endeavor than the creation of 
Cartesian components from a manufacturing standpoint, and would therefore place an 
unnecessary burden on the budget and the timeline for the creation of the prototype. 
 Due to these and other concerns, the first generation device was designed as a 
considerable deviation from the idealized concept first developed.  The vacuum chamber, 
instead of being a full circle, was designed to be one side of a separable, four-component 
square, as shown in Figure 3.2.  Each side would have its own linear array of focal lines 
that could be easily collimated with a single microbeam collimator near the surface of the 
X-ray window.  The first prototype would be a chamber design that could be opened from 
both ends, for easy access to both the anode and cathode assemblies in the case of needed 
revisions or component replacement.  But even before the cathode and anode assemblies 
could be created for this prototype, an even smaller, more accessible X-ray tube was 
created to experimentally verify simulations of electron beam focusing and high voltage 
stability. 
 
3.2  Design of the Experimental Test Chamber 
 
In order to verify focusing simulations that were done at UNC-CH, to test the 
resulting cathode assembly design from XinRay, and to make some preliminary 
microbeam measurements, a temporary testing chamber was assembled as shown in 
Figure 3.3.  This chamber consisted of vacuum cross with 8” CF flanges and electrical 
feed-throughs from Lesker, a water-cooled turbo pump from Alcatel, a specialized high 
voltage feed-through developed at XinRay, and an XRV160P4000 power supply from 
Spellman.  All other components were developed and custom-made at UNC-CH. 
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 The anode assembly was made so that the conducting surfaces that were to be on 
high voltage would be smooth and separated from the grounded surfaces of the chamber 
by at least 2cm.  The anode was simply a piece of machined Molybenum and was not 
made for high heat, current, or maximum X-ray flux, since only focusing and high 
voltage testing was to be done with this chamber.  The cathode assembly was modeled 
after XinRay’s design for the MRT device prototype so as to properly verify its focusing 
capabilities and limitations with the only differences being in the post structure that 
supports the focusing electrodes and the overall dimension of the assembly.  The cathode 
assembly was held in place by a custom-made circular clamp as seen in Figure 3.4 that 
ensured stability in alignment of the anode to the cathode, which was initially established 
by a keyed aluminum block that fit between the anode and cathode assemblies.  The 
cathode assembly itself, as shown in Figure 3.4a, is held together by four cap screws 
inserted from the bottom of the assembly in the corners and the HV focusing electrodes 
are separated by ceramic discs and cylinders with drilled holes for the screws.  Two 
 
Figure 3.3:  (a) Cross section of the test chamber with the anode and cathode assemblies indicated.  
Note the length of the feed-through necessary for proper HV insulation.  The direction of the irradiation 
is to the right.  The turbo pump is not shown but is connected to the bottom of the cross. (b) Actual 
photo of the cathode and anode assemblies in the testing chamber. 
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cathodes were acquired from Xinray to be used in the testing chamber and were of the 
same type to be used in the prototype design, but slightly smaller in the length dimension. 
It was found later that the design for this cathode assembly was actually superior 
in some ways to the original XinRay design, prompting a redesign and rebuilding of the 
first cathode assembly of the prototype MRT device.  This will be discussed in a later 
section.  The only large weaknesses of this design were found to be the lack of a proper 
tungsten coated molybdenum anode and the high voltage exposure of the sharp edges of 
the screw threads, as can be seen at the top of the photograph in Figure 3.3.  Both of these 
weaknesses were corrected in future uses of the testing tube, but said uses are beyond the 
scope of this work. 
 
3.3  Focal Line Simulation and Experimentation 
 
Before experimental testing was done using the chamber previously described and 
before the cathode assembly design was finalized, focusing simulations had been 
Figure 3.4:  Photograph of the freshly machined cathode assembly.  The two bosses extruding from the 
sides of the top electrodes were added after the design on the right was made and are connectors for the 
high voltage vacuum cables to power the focusing electrodes.  The small holes noticeable on the tops of 
the corners are for easy degassing of the threaded cap screw holes. (left)  SolidworksTM diagram of the 
complete cathode and anode assemblies.   
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performed that led the design of the focusing structure toward its eventual 
materialization.  Because the design of this cathode assembly was fundamentally 
different from other assemblies that had been created in our lab before, brand new 
simulations had to be done.  Previous simulations for our group’s micro-CT and 
tomosynthesis imaging devices used their focusing electrodes to as an electrostatic lens to 
create fairly isotropic focal spots from cathodes of various shapes and sizes.69-71, 100 
Our focusing structure is quite different due to the fact that only one dimension of 
the electron beam is shaped, and the other is allowed to be semi-infinite.  In the original 
concept as stated above, the microbeams, and thus the focal lines, were meant to be 
controlled in both length and thickness.  But after careful consideration, it became clear 
that control of the length dimension, and subsequently conformal collimation, were 
secondary concerns to achieving a high level of flux by way of creating a long, well-
controlled focal line that could be easily collimated into a single, semi-infinite 
microplanar beam as will be shown in the following sections of this chapter.  Due to this 
Figure 3.5:  (a) Diagram of the three-component Einzel lens as laid out in Opera 3D illustrating the 
gate and gate frame, the first focusing electrode, and the second focusing electrode. Note that only one 
side of the focusing track is shown due to the mirror symmetry of the system. (b)  Photograph showing 
the track layout of the focusing structure.  Electrodes shown are Focus 2, Focus 1 and Gate Frame 
(listed in the order of depth). 
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fact, the focusing structure decided upon for our application is more of a focusing track 
(as shown in Figure 3.5b) and less of an aperture.101 
In order to simulate the electron paths and their final distribution on the anode 
surface, a commercial software package (Opera 3D Vector Fields Software, Cobham plc) 
was employed.  The software allowed for the design of a custom electrode configuration 
(as shown in Figure 3.5a) and then simulated the electron distribution on the anode after 
passage through the three-component Einzel lens.  The electrons were simulated as 
starting with very little energy (100eV) and isotropic emission, being pulled through the 
gate electrode held at 2kV above ground, and then being focused by the two remaining 
electrodes onto the anode surface which was held at 160kV.  The gate was simulated as a 
set of slats that were 50μm wide, 80μm thick (along the electron path direction), and 
separated by 200μm of open space.  For a diagrammatic representation of this structure, 
please refer to section 5 of this chapter.  The cathode surface was simulated as 2.5 x 
30mm and the distance between this surface and the gate (the gap distance) was 150μm. 
 
Figure 3.6:  (a) Detailed dimension drawing of one half of the focusing track.  Dimensions are not 
drawn to scale, especially the anode distance.  It was found that the inclusion of a small angle on the 
gate frame and one of the focusing electrodes had a significant effect on the shape and width of the 
focal spot. (b)  Graphs displaying the effect of focusing electrode voltages on focal spot size.  It is 
shown that the dominant variable is the voltage on Focus 1, and that Focus 2 only acts as tuning 
electrode. 
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After much trial and error, the decided upon structure for the focusing electrodes 
was decided as shown in Figure 3.5a and Figure 3.6a.  As can be seen in Figure 3.6b, 
with the structure designed as shown, the focal line width can be made as low as 1.02mm 
from the 2.5mm cathode if the focusing voltages are chosen appropriately.  It was found 
that a voltage of 9kV on the first focusing electrode and 6kV on the second focusing 
electrode both with respect to the cathode voltage gave the most ideal result given this 
electrode configuration.  The actual simulated image of the focal spot can be seen in 
Figure 3.7, where the both the width and the length of the focal line are illustrated quite 
clearly for a single cathode.  The width of 1.02mm would translate roughly to a 140μm 
line width when viewed at 8°, the angle at which the anode would eventually be viewed 
by the collimator, as discussed in more detail in sections 6 and 7 of this chapter. 
Also calculated from this data was the transmission rate of electrons through the 
gate as measured by the percent of electrons that made the whole trip from the cathode to 
the anode surface.  This measurement of 65% was assumed to be only due to electron 
loss to the gate and not to the possible siphoning of current from the focusing electrodes, 
but when used for calculating actual achievable flux from cathode current, this small 
 
Figure 3.7:  Density distribution of electrons impingent on the anode surface with the length dimension 
summed out.  Note the considerable tails on the distribution that we minimized but were not able to 
completely eliminate. (left)  Two-dimensional histogram of the electron density on (and thus X-ray flux 
emitted from) the anode.  Note the considerably larger dimension of the length axis, which will be 
made even more drastic when this line is viewed from an angle. (right) 
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detail becomes irrelevant, and only the final result is significant.  Moreover, the 
transmission rate was eventually measured to be 70% using the experimental chamber (at 
lower focusing and anode voltages than simulated here) and between 60-65% on average 
when using the actual prototype device and the simulated voltages, with the variance 
between cathode segments being larger than any effect that could be seen by varying the 
focusing voltages, clearly validating the initial simulation. 
 Due to a miscommunication amongst those who performed these studies along 
with initial high voltage limitations experienced when using the experimental chamber 
described above, the parameters that were simulated here and that would be used in the 
final prototype device were not the same as those tested using the chamber.  Therefore 
due to its irrelevance, the experimental focusing data will not be presented in this work.  
But, due to the utility of the chamber for providing a small scale version of the prototype, 
it was also used to do some initial microbeam creation and characterization by coupling it 
with an adjustable collimator alignment assembly created in-house at UNC-CH.  This 
alignment assembly and initial testing provided valuable first steps towards the 
collimation system of the prototype, and thus the entirety of its design and 
implementation will be discussed in the next section. 
 
3.4  Test Chamber Collimator Design and Preliminary Results 
 
The preliminary collimator alignment assembly used for initial microbeam 
creation using the test chamber was borrowed from its initial use as an alignment system 
for our group’s multi-pixel micro-RT tube.  The alignment system consisted of an  
amalgam of an assortment of translation stages and electronically controlled actuators 
from Newport, Inc.  The rough list of parts include a Model 37 tilt/rotation stage, two 
Model 423 linear stages, a Model PR 12” rails system with accessories, three TRA12-
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PPM actuators, one TRA25-PPM 
actuator, one NSA12 actuator, and a 
NewStep actuator driving system with 
various accessories.  Using these parts 
and actuators, a fully customizable 6D 
collimator alignment stage was 
constructed as shown in Figure 3.8a. 
The TRA25-PPM actuator 
combined with one of the Model 423 
linear translation stages was used to 
adjust the height of the collimator.  The 
three TRA12-PPM actuators were used to 
drive the three degrees of freedom of the 
tilt/rotation stage as illustrated in Figure 
3.8b, but only two of these were pertinent 
to the alignment of the collimator to the 
focal line.  As discussed at length in 
Chapter 2, only two degrees of freedom 
are necessary to align a planar collimator 
to a cone beam point source and the third 
is necessary to pick a particular plane in 
3D space.  Likewise here, only two 
degrees of freedom (angular roll and 
vertical translation) are technically 
necessary to pick a slice from the wedge-
shaped X-ray distribution that emanates 
 
Figure 3.8:  (a) Preliminary collimator alignment 
system with 6D functionality.  Note that only the z-
translation is needed for our application. (b) 
Tilt/rotation stage capabilities.  Note that only the 
tilts are needed for this application to adjust pitch 
and roll of the collimator. (c)  Illustration of planar 
selection from the wedge X-ray distribution 
emanating from a line source.  Note that the anode 
viewing angle is determined by which plane is 
selected. 
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from a line source, as shown in Figure 
3.8c, and the third degree of freedom 
(angular pitch) is only needed so that a 
particular viewing angle from the anode 
can be chosen.  Therefore this third degree 
of freedom affects the apparent width of 
the focal line and thus the microbeam dose 
distribution, but it is technically 
unnecessary for pure alignment purposes.  
This fact would be used later in the design 
of the collimator alignment system for the 
prototype MRT device, and will therefore 
be expanded upon further in a later 
section. 
The collimator itself was simply 
built from two 1” x 0.5” x 6” stainless 
steel parallels ordered from Mitutoyo, Inc 
and clamped together against glass or 
aluminum foil spacers placed at the ends 
(so as not to attenuate the microbeam) to 
provide a crude but variable thickness slit 
through an inch-thick collimator.  This 
collimator and alignment system were 
placed directly in front of a 5 x 5cm 
Hamamatsu X-ray camera as shown in 
Figure 3.9a in order to initially find the 
 
Figure 3.9:  (a) Collimator in front of camera with 
X-ray tube off-camera in the foreground.  Note the 
thin wire used for focal line width measurement in 
the foreground as well.  This was translated down 
into the beam path, imaged by the camera, and 
processed using our custom-software to get the 
crude estimate of focal line width. (b) Image on 
camera and beam profile as measured by the 
camera. (c) Beam profiles from film measurements 
of several different collimator openings and 
resulting microbeams.  Note the widening of the 
penumbra as a fraction of the total field size as the 
FWHM decreases, along with the sharpening of the 
beam.  This indicates the approach of the slit size to 
the focal line width.
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beam and then align the collimator by searching for positioning parameters that 
correspond to maximum beam transmission.  During this preliminary experimentation, a 
simple search and optimize process was used for this alignment.  Readout from the 
camera was achieved through an in-house customized program designed in LabViewTM 
along with data and image acquisition hardware and software also from National 
Instruments, Inc. 
The preliminary alignment process was quite successful in both finding and 
aligning the collimator to the focal line as can be seen by the screenshot of our custom 
imaging program in Figure 3.9b.  As stated in the previous section, our measurements of 
the focal line provided contaminated data due to incorrect reporting of simulation results, 
faulty measurement techniques, and inadequate high voltage on the anode.  But the 
estimate that was achieved for the focal spot using these poor methods could still be true 
to within 50μm or so, and therefore I will report our findings on focal line width to be 
somewhere between 200 and 300μm, at an anode voltage of 88kV and focusing voltages 
of 2.5 and 5kV on focusing electrodes 1 and 2, respectively. 
The reason I report these values is to give meaning to the preliminary microbeam 
measurements that were accomplished with this system.  As can be seen in Figure 3.9c, 
varying slit widths were used to qualitatively observe effects of collimation on 
microbeam shape and transmission through the collimator by the inspection of irradiated 
Gafchromic EBT2 films.  For collimator widths of 300μm, 140μm, and 50μm 
corresponding FWHM values for the microbeams were 310μm, 150μm, and 80μm 
respectively.  This seems to indicate that alignment was quite good and that the focal line 
width could not have been that much wider than either of the larger collimator spacings, 
which is also indicated by the beam shapes shown in the figure.  For the smallest 
collimator slit width, though, it is clear that a significant portion of the beam is being cut 
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out by the collimator and that scatter and beam crossing through the collimator opening is 
causing an increase in geometric penumbra. 
Although other data was taken with this device and collimator, the methods used 
at this point in experimentation were too crude, unrefined, and inconsistent to report the 
numerical data.  But what was learned from this quick experimentation on both focal line 
width and microbeam creation was that it was fine to go forward with the prototype 
designs as planned, at least in regard to the focusing structure and ideas on the 
microbeam collimator assembly design. 
 
3.5  Heat Simulations and Experiments Performed 
 
Because the original goal for the prototype MRT device was to be able to deliver 
as much dose in as little time as possible, a great deal of thermal simulation and 
experimentation had to be done on possible gate and anode designs before the tube was 
even commissioned to be fabricated and assembled.  This is due to the fact that the gate 
and anode are the two structures that absorb all the resultant heat that is a byproduct of 
the extraction and acceleration of the electrons emitted from the CNT cathodes. 
Using the specifications presented at the end of chapter 2, it was calculated that 
roughly 100mA of current was needed from each 2.5 x 30mm emitter in order to get a 
dose rate from the prototype device that was in the 100Gy/s range.  Based on a 
transmission rate of roughly 65% as simulated and demonstrated in section 3.3, this 
would mean that each resulting focal line segment on the anode, measuring 1 x 30mm 
would have 65mA of current dumped into it while held at an accelerating voltage of 
160kV.  This constitutes roughly 350W/mm2 that would be distributed throughout the 
focal line.  In addition, the gate, while being held at a much lower voltage for the 
extraction of electrons from the CNT tips (with a max of around 2500V), has a smaller 
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area (15mm2) which to distribute its own 88W of power and a much smaller thermal 
contact with surrounding metals to 
dissipate the heat.  Therefore, even though 
the raw amount of power on the gate is 
much less than on the anode, there must be 
separate measurements done to determine 
its heat tolerance because there is also far 
less structure available for dissipation. 
Due to the large heat load to be put 
on the gate, many different design 
iterations were analyzed until a single 
design was decided upon.  The first design 
as shown in Figure 3.10a and Figure 3.10b 
was simply a flat, 80μm thick sheet of 
Molybdenum, with a row of slits cut out of 
it to make a ladder structure with rungs 
that were 50μm wide and separated by a 
pitch of 250μm.  Molybdenum was chosen 
because of it has a higher melting 
temperature and lower coefficient of thermal expansion than stainless steel.  But there 
were many problems with this gate mesh, as shown in Figure 3.10c.  For example, the 
production value was low since the mesh was made with an experimental etching 
technique, giving rise to a large variance in widths of the rungs and a non-uniform pitch.  
This led to melting, breakage, and a decrease in cathode current when the mesh was 
tested over a long series of 100ms pulses.  Due to the fact that our initial design was 
 
Figure 3.10: (a) Photograph showing the ladder 
structure of a typical gate mesh used in the first 
phases of design.  Note that in vacuum, the only 
way for heat to escape is via conduction out 
through the sides of the ladder structure. (b) Close-
up of the Molybdenum mesh showing non-
uniformity in production. (c) Microscope image of 
the mesh showing melted and broken rungs due to 
the inability of heat to escape efficiently enough 
during high power operation. 
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meant to deliver large amounts of dose in sub-second pulses gated to physiological 
signals, this was unacceptable. 
Therefore, a Kovar 
gate mesh with the same 
dimensions and a thicker 
stainless steel gate mesh 
were tested as well and 
generalized results of this 
testing are displayed in 
Figure 3.12.  As can be seen 
from the graph, Kovar and 
the thicker stainless steel 
hold up best under the conditions that were tested (not listed here for the sake of brevity).  
Therefore, because of the ease of fabrication and cost advantages over Kovar, the thicker 
stainless steel was chosen as the gate material because it held up much better than the 
thinner samples and because it only dropped the transmission rate from around 70% to 
65%.  Kovar, on the other hand, saw a much more substantial transmission rate drop 
 
Figure 3.11:  (a) SolidworksTM model of the new curved mesh design.  Note that under expansion, growth 
would be more controlled than in a straight design where the rungs would be forced to buckle to expand 
and in doing so, create breaking points. (b) Photograph of the stainless steel curved mesh. 
 
Figure 3.12:  Chart showing various levels of mesh damage as a 
function of energy density dumped into the gate (in a short enough 
time to assume no cooling).  1 = few wires bent, 2 = many wires 
bent, 3 = most wires bent,  4 = melting or heavy buckling, 5 = 
melted and broken wires. 
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(50%) while although Molybdenum actually showed the highest transmission rate (80%), 
its fragility under the conditions tested eliminated its feasibility for use in the prototype 
MRT device. 
The next phase of design further 
improved upon the simple ladder structure of 
the 100μm thick stainless steel mesh by 
incorporating a curve to each rung of the ladder 
as shown in Figure 3.11.  The thought behind 
this design was to allow the material room to 
expand and contract under the massive stresses 
inherent to the rapid heating and cooling of the 
mesh that would be present during actual device 
operation that would use pulses between 10 and 
250ms and duty cycles of up to 10%.  This 
mesh outperformed all the rest by quite a bit, 
withstanding numerous 250ms pulses at 30mA 
of current with no observable damage, and thus 
this was the design which was chosen to be 
used in the first assembly of the prototype MRT 
device.  With this advancement, the limiting 
factor in the amount of power the tube would be 
able to withstand was now the anode. 
In order to test the high power capabilities of the anode, both simulations and 
direct experimentation were performed.  Because the initial purpose of the MRT 
prototype device was to deliver long pulses (up to 250ms) followed by long breaks to 
wait for the next physiological trigger, initial simulations focused only on the heating of 
 
Figure 3.13:  (a) Early crude simulation 
showing max pulse width to be 10ms with 
desired parameters. (b) Anode damage as 
seen when using relevant but inexact 
parameters including a smaller anode 
voltage, current and focal spot.  To our 
pleasant surprise, the initial concept of an 
extremely elongated focal line helped 
alleviate this problem.  
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the focal line itself, with no regard given to long term heating of the larger anode 
assembly structure.  In addition, due to a lack of access to commercial software and a 
full-scale model on which to do testing, early simulations and experimentation were quite 
crude and turned out to grossly underestimate the capabilities of the anode to absorb the 
heat of our elongated focal line as can be seen in Figure 3.13. 
This underestimation was expected however, and by the time the device was in 
the assembly phase, a more full-scale simulation was done with parameters appropriate to 
the way the device was meant to be used.  This simulation was performed using AnsysTM 
commercial Finite Element Analysis software to solve for the temperature distribution 
throughout the anode.  The power distribution input to the focal lines was simulated as 
five in-line 2D Gaussians each with dimensions of 1.2 x 30mm as shown in Figure 3.14a.  
The molybdenum anode was simulated as fabricated and measured 222 x 25 x 17mm 
with a 200μm thick tungsten layer on the 222 x 25mm front surface.  The anode was held 
at 160kVp and simulations were performed at various current levels to determine the 
maximum operating conditions.  In Figure 3.14b, 50mA per segment was simulated as 
being delivered to the anode and showed that the temperature at the Molybdenum 
interface stays well below the melting temperature even at 1s exposure time.  In Figure 
3.14c, various other currents are simulated and the max temperature as a function of 
beam on-time is reported, with the results indicating that so long as a maximum of 100ms 
on-time is used, that neither the melting temperature of the tungsten nor the molybdenum 
will be broken, even when using up to 100mA of anode current per focal line segment. 
It must be noted once again, however, that all these simulations were done with 
the assumption that only one pulse is delivered.  After a succession of pulses, the baseline 
temperature of the anode in the final design will inevitably increase, pushing the max 
temperature ever higher.  This is due to the fact that in the final design, the heat dumped 
into the anode has a very small conduction path by which to leave the vacuum chamber.  
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This along with power supply limitations would be the main reasons that the initial 
hypothesized operating conditions would be starkly modified to allow for more 
immediate translation to radiobiological studies using the prototype device.  These points 
 
Figure 3.14:  (a) Simulation showing that the max anode temperature does not rise above 2500K for a 1s 
pulse at 50mA per segment. (b) Close-up showing that the interface between the Mo anode body and the 
W layer does not rise above 2200K given the same parameters. (c)  Graph showing that when using 
shorter pulses, that the max focal line temperature will not exceed the melting point of W (3700K) even at 
100mA per segment.  Therefore the desired value of 70mA per segment should be readily achievable in a 
few 100ms pulses. 
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will be expanded upon in the next and concluding sections of this chapter. 
 
3.6  Detailed Initial Design of Apollo I 
 
The first part of the device design that was decided upon was the structure of the 
vacuum tube itself.  As can be seen in Figure 3.15a, it consisted of a square tube with two 
8” flanges on either side to allow for easy access to the anode and cathode assemblies and 
also to provide the ability for direct translation to the four-component design with 
minimal changes to the initial plans.  For this first prototype, two large nipples were 
made to protrude from the square tube for the largest components necessary for 
operation, namely the VarianTM turbo and backing pumps and the high voltage 
feedthrough designed at XinRayTM. 
 
3.6.1  High Vacuum Components 
 
 
Figure 3.15:  (a) SolidworksTM model of the X-ray chamber, displaying the three small flanges on the 
front, two access flanges on the sides, and large nipples on the top and rear of the chamber for the high 
voltage feedthrough and turbo pump, respectively. (b)  Photograph of the turbo pump affixed to the rear 
of the chamber.  Note the bellows that lead from the turbo pump down to the roughing pump which is not 
shown here. (c)  RGA (bottom) and vacuum gauge (top) attached to a 2.75” tee sealed to one of the two 
access ports on the side of the chamber. 
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As seen in Figure 3.15b, the turbo pump hangs off the back of the tube and was 
necessary due to the very large volume that had to be evacuated in this design.  In later 
designs, this could be replaced with a large ion pump if the volume of the chamber 
decreased, but at this point in design, the large volume was necessary to insulate the high 
voltage components in the most conservative manner possible.  Along with the pump, a 
small vacuum gauge that worked in tandem with the turbo pump and a Residual Gas 
Analyzer from Stanford Research Systems were attached to one of the large 8” flanges on 
the side of the chamber using a reducer flange and 2.75” tee as shown in Figure 3.15c.  
These gauges were to monitor total and partial pressures of gases present in the chamber 
during high vacuum conditioning and routine usage of the tube and to diagnose any 
problems that might occur. 
 
3.6.2  Anode Assembly and X-Ray Window Design 
 
The second large protrusion for the anode HV feedthrough to come in from the 
top of the square tube was deemed necessary for a number of reasons.  First, there had to 
be a large volume of space around the feedthrough, as shown in Figure 3.16a, in order to 
provide insulation for the ceramics, across the length of which the voltage was to drop 
from 160kV at the tip to 0V on the inner surface of the grounded flange.  Second, the 
standard R28 plug for such a large voltage, as shown in Figure 3.16b is quite large in 
extent itself, and therefore required a significant length within the chamber to be placed.  
Finally, it was thought that since the anode would be under tremendous heat stress and 
that a long lever arm was necessary to suspend it and supply its voltage, it would be best 
if this lever arm extended straight downward in the initial design so as not to display 
variable deformation, and thus anode position, under its weight and rapidly changing 
temperatures. 
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The anode assembly is made up of a high voltage insulating cup around the 
connector on the HV feedthrough, a long cylinder that connects to the feedthrough, an L-
shaped connector that places the anode in the correct position relative to the cathode, and 
the anode itself as shown in Figure 3.16c.  The purpose of the cup is to contour the field 
around the tip of the feedthrough in such a way to prevent arcing.  The long cylinder is 
simply to provide the correct vertical position of the anode.  The L-shaped connector was 
designed to prevent the field from the connector from interfering with the field of the 
anode surface, which is meant to be the sole accelerator of the electrons emitted from the 
cathode.  And finally, the anode itself is exactly as described in the simulation section 
above with the exception that the front face is actually a tungsten-rhenium alloy sputtered 
uniformly onto the surface and polished smooth to a mirror-finish. 
With the reasoning that the anode should hang vertically downward so as not to 
deform under gravity and heating, also comes the reasoning for the face of the anode 
being parallel to the cathode assembly.  This is in contrast to most anodes, which are 
 
Figure 3.16:  (a) High voltage ceramic vacuum feedthrough for an R28 plug with large insulation 
distances around the ceramic in order to prevent arcing. (b) R28 plug that fits into the vacuum 
feedthrough.  The plug is connected by coating in silicone grease and clamping into the feedthrough using 
a custom-made assembly (not shown) that threads onto the plug and seals the rubber to the ceramic with 
six screws that push the plug firmly into the ceramic receptacle. (c) Anode assembly showing all parts as 
described in the text.  The field shaping purpose of the L-bracket will become clearer when the assembly 
is viewed within the chamber and with the cathode assembly in place. 
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tilted towards the X-ray window for reasons discussed in the first chapter.  Because the 
entire anode assembly would likely be expanding and contracting under rapid heating and 
cooling, it was thought that the largest variation would occur in the longest dimensions of 
the assembly, namely the vertical height and the length.  And while expansion in the 
length direction would do nothing to move the location of the focal line in 3D space, if 
the anode was tilted towards the window at the bottom of the chamber, expansion of the 
anode assembly downward would move the focal line towards the cathode as shown in 
Figure 3.17a. 
Therefore, the viewing angle of our anode is not determined by a physical tilt of 
the anode, but rather by the location of the window relative to the anode as shown in 
Figure 3.17b.  The placement of the window below the anode as shown here is designed 
to allow angles between roughly 4.5° and 15.5°.  For most sources, this would be a 
problem because of the large heel effect variation in this range, but because the actual 
viewing angle will be determined to within 0.1° by the angle of the collimator, which will 
act as the effective window when creating microbeam distributions, this was not a 
concern at this point in design.  As a side note, it did become a concern when measuring 
 
Figure 3.17:  (a) Diagram showing that thermal expansion of the anode support beam would result in a 
perpendicular displacement of the focal spot (FS), or in our case the focal line. (b) SolidworksTM assembly 
diagram showing the visible angles of the focal line as can be seen through the X-ray window. (c) 
Diagram showing window inset and self-sealing under atmospheric pressure. 
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the focal line width of the source and using the broad beam, but that will not be discussed 
until chapter four.  The X-ray window itself is made of a 200μm sheet of stainless steel 
measuring 9mm x 226mm and inlaid and welded into a window frame measuring 38mm 
x 256mm which was in turn inlaid and welded into the bottom of the chamber.  
Mechanical lips were created on both parts to seal properly when the chamber was put 
under vacuum as shown in Figure 3.17c. 
 
3.6.3  Cathode Assembly Structure 
 
The cathode assembly is held in place and fed its voltages through three small 
nipples on the front surface of the tube as shown in Figure 3.18a.  The center nipple was 
originally the only conduit for high voltage connection to the outside of the chamber for 
the entire cathode assembly, providing connections for all five cathodes and the two 
focusing electrodes.  The two outer nipples were initially designed solely to provide 
support for the cathode assembly, which was to be suspended by four pedestals 
emanating from the inner surface of two blank flanges to be attached to the outer nipples.   
  
 
Figure 3.18:  (a) SolidworksTM assembly showing the center nipple as the only port for cathode and 
focusing electrode connections. (b) Photograph displaying the inside of the chamber and the ends of the 
posts that emanate from the inner surface of the blank flanges shown in the left diagram. (c) Photograph 
showing the cathode assembly as aligned to the anode using washers and nuts to fasten the assembly to 
the posts, which are slightly smaller than the mounting holes in the cathode assembly. 
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Figure 3.19:  (a) SolidworksTM drawing showing the main parts and structure of the long cathode 
assembly. (b)  Detailed dimensions of the emitter layout on the quartz substrate.  (c) Cross-section of the 
cathode assembly illustrating the posts that originate in the top focusing electrode and terminate with a 
washer and a screw that are insulated from the grounded baseplate by ceramic washers.  Also note the set 
screws used to tighten the quartz substrate flush against the gate frame. 
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These four pedestals attach to oversized holes in the base of the cathode assembly to 
allow for rough hand-alignment of the long dimension of the cathode assembly to the 
long dimension of the anode as shown in Figure 3.18b and Figure 3.18c. 
The cathode assembly itself, 
as shown in Figure 3.19a, is simply 
a longer version of the assembly that 
was described in the section above 
describing the test chamber with five 
in-line cathodes each with active 
emitter areas of 2.5 x 30mm and as 
arranged in Figure 3.19b.  There 
were a few additional mechanical 
differences between the small-scale 
and full-scale initial designs besides 
the length that are worth 
mentioning, though. One large 
difference is that the full-scale 
design is held together by posts 
originating on the top focusing 
electrode and fastening on the 
underside of the base plate with 
washers and nuts, whereas the 
small-scale design used cap screws 
inserted from the base and threaded 
into the top electrode.  But both 
designs require that there be a 
 
Figure 3.20:  (a) SolidworksTM drawing illustrating with 
green arrows how the difference in height between the gate 
frame and the cathode substrates defines the gap distance.  
Spacers are placed under the cathodes as illustrated by the 
yellow arrow to make this gap uniform for all cathodes.  
(b) Dotted lines represent the spot welding that is used to 
affix single meshes to the underside of the gate mesh.  (c) 
Imperfections in this welding can form small non-
uniformities in the distances above. 
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ceramic washer between the nut/cap as shown in Figure 3.19c, because the post/screw is 
attached directly to the top focusing electrode, and thus, is always on moderately high 
voltage. 
Another point to take note of that is not different between the two assemblies, but 
that was not touched upon earlier, is that the molybdenum substrates (on which the CNTs 
are deposited to make the cathodes) are fastened to a glass plate from the bottom, and 
then the plate is clamped against the bottom of the gate frame with set screws as can also 
be seen in Figure 3.19b.  In this way, the gap distance between the gate and the cathode 
surface is set by the height of the cathodes subtracted from the inner height of the gate 
frame.  Before the cathodes are screwed to the glass plate, though, small spacers are 
placed between the bottom of the cathodes and the top of the plate, to fix any non-
uniformities either in the height of the cathode substrates themselves or in the distance 
from the base of the gate frame to the surface of the gate mesh as illustrated in Figure 
3.20a and shown in Figure 3.21a.  Such non-uniformities can arise due to the practice of 
spot welding separate meshes for each emitter onto the bottom surface of the window in 
the gate frame, as shown in Figure 3.20b, which can leave slight buckling and gaps 
between this surface and the thin metal sheet in which the mesh is cut as seen in Figure 
3.20c. 
 
3.6.4  Electronic Components and Connections 
 
 All five cathodes are given their current by supplying a voltage between the gate 
mesh and the cathode substrates.  In this design, unlike some previous designs in our 
group, the gate is hard grounded to the cathode interior while a negative voltage is placed 
on each cathode.  The reasons for this were many, including that the connections were 
made easier, the geometry of the system for multiple in-line cathodes was made simpler, 
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and finally that this configuration made for a much more uniform pulse shape during 
initial testing of the various types of gate meshes described above. 
That being said, the negative cathode voltage is supplied through small, 
individual, insulated wires running through the vacuum and attached to the screws that 
connect the cathodes to the 
glass plate as shown in 
Figure 3.21b.  These wires 
are connected on their 
other end to the inside of 
the seven-pin vacuum 
feedthrough in the center 
nipple on the front of the 
chamber as mentioned in 
the last subsection, which 
is connected via SHV 
connectors to a resistor box 
on the outside of the 
chamber in the operator 
area, as shown in Figure 
3.21c.  This resistor box 
connects each cathode to 
its own potentiometer, all 
of which are supplied with 
a temporally modulated 
voltage provided by a 
single 3kV, 6kW power 
 
Figure 3.21:  (a) Photograph showing underside of glass with 
cathodes attached with screws.  Spacers used to individually match 
gap distances between cathodes are shown.  (b) Photograph showing 
wire connection points used for high voltage labeled with red arrows 
(between the screw head and glass).  (c) Photograph showing resistor 
box with SHV outputs to cathodes, the current probe, and 
potentiometers labeled.  High voltage input from pulse generator 
circled in red. 
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supply from Spellman, Inc, which allows for the possibility for a large amount of total 
cathode current. 
This voltage is temporally modulated by the output of a custom-made LabViewTM 
program that controls all electronic aspects of the device operation.  The modulated 
signal is sent to a PVX-4140 pulse generator from Directed Energy, Inc. that inputs the 
high voltage from the cathode power supply and then outputs the temporally modulated 
high voltage directly to the resistor box described above.  The pulse shape of the current 
is initially measured by a TektronixTM current probe that senses the current in an 
insulated wire loop, also as shown in Figure 3.21c, which leads to the five potentiometers 
in the resistor box.  The signal from this probe is then sent to a TektronixTM oscilloscope, 
which displays the pulsed current shape and outputs its signal back to the computer for 
feedback to the custom LabViewTM program. 
 
 
Figure 3.22:  (a) Chamber stand that supports the heaviest parts of the device, most notably the turbo 
pump and the two large flanges.  To ensure the chamber does not rotate or vibrate during operation, 
clamps were implemented as shown around two of the three weight bearing arcs. (b)  Collimator mounts 
are shown as opaque against the transparent tube housing and are positioned in numerous positions on the 
housing to allow for multiple mounting options. 
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3.6.5  X-Ray Chamber Accessories 
 
Initial accessories to the X-ray chamber were as follows:  A stand was custom-
made in the UNC physics department shop that placed the tube in high position that 
allowed for plenty of room beneath the chamber for the microbeam collimator, possible 
conformal collimators, stages for mice/phantoms, imaging equipment, or whatever else 
would need to be in the beam path.  As seen in Figure 3.22a, this stand was made 
explicitly to focus on the support of the heaviest portions of the tube and to clamp down 
its external skeleton, so as to prevent any jolting of the tube in case the lab table was 
bumped during lab work.  In addition, mounting blocks were welded to the outside of the 
chamber to allow for the collimator alignment assembly to directly attach to the chamber 
structure as shown in Figure 3.22b.  And finally, 0.25” of additional lead shielding was 
mounted to the lab table around the chamber stand due to the large increase in flux and 
penetration capabilities of this X-ray device when compared to the previous imaging 
devices that our custom-made enclosure had been home to.  The only remaining 
accessory to the initial tube design was the collimator alignment assembly, which will 
have the entirety of the next section devoted to it because of the complexity of its design. 
 
3.7  Microbeam Collimator Design 
 
The primary constraint when designing the collimator alignment assembly was to 
keep its profile as thin as possible.  The point of this constraint was to keep the distance 
from the source to the sample as small as possible so as to lose a minimum amount of 
flux to the inverse square law.  Due to this constraint, the stages used for the alignment of 
the collimator were all placed in the same plane as the collimator itself, with a housing 
structure built around the collimator to move it into place as shown in Figure 3.23a.  Due 
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to the flattened nature of this design, multiple stages had to be used and extra components 
had to be added to hold the weight of the collimator and prevent sagging of the lever arm. 
 The first degree of freedom in this 
design is provided by three NewportTM 
423 linear translation stages attached to the 
X-ray chamber brackets by custom-made 
aluminum brackets as shown in Figure 
3.23b.  Hanging from these translation 
stages would be an aluminum table with a 
window cut into the center that would 
support the rotational stage and the 
collimator housing as shown in Figure 
3.23c.  Only one of the three stages would 
be driven by a NewportTM TRA25-PPM 
actuator and its supporting control 
hardware and software as listed in the 
section above on the preliminary 
collimation systems.  These stages and 
actuators together are listed to be accurate 
and precise to within about 2μm, which 
was more than enough control for our 
purposes. 
The other two stages were left to 
slide free, basically to be used as rails on 
which the table could glide without friction.  As a side note, it was discovered later that 
there were far too many hard connections from the table to the stages, and due to the 
 
Figure 3.23:  (a) SolidworksTM figures showing the 
sandwiched design of the collimator alignment 
assembly, (b) the aluminum brackets used to attach 
the assembly to the chamber, and (c) the various 
mechanical components of the assembly itself. 
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mechanical tolerances present in 
machining the table, if all of the 
connections were used, binding 
was created in the stages due to 
excess torque of the system.  
Therefore, only one or two screws 
should have been used to connect 
each stage to the table so as to not 
over-define the plane on which the 
table is supposed to glide. 
The rotational stage was 
placed in the fourth corner of the 
table, and would provide the 
second degree of freedom 
necessary to align the collimator to 
the focal line, namely, the roll 
alignment.  In this design, it was 
assumed that even though the axis 
of rotation this stage provided was 
not strictly parallel to the plane of the collimator slit as shown in Figure 3.24a, it would 
still provide the variation needed to properly align the beam, which was later shown to be 
correct.  This stage would be driven by a Newport TRA12-PPM actuator to be controlled 
by the same control hardware and software as the other actuator and again precise to 
within 2μm.  Based on the geometry of the stage, this translates to a rotational stage 
precision of 0.003°, which given a focal line that is 1000 times longer than it is wide, 
would result in a maximum misalignment of 5% of the beam width as shown in Figure 
 
Figure 3.24:  (a) SolidworksTM sketch showing the slight 
misalignment of the collimator slit and the axis of the 
rotation stage.  Note that the angle of the slit is actually 8° in 
current usage. (b) Diagram illustrating the possible 
misalignment of the focal line and the collimator caused by 
rotation stage imprecision.  A maximum of 5% of the beam 
width would overlap with the edge of the collimator given 
the imprecision in the stage. (c)  Assembly drawing without 
one of the linear stages that shows how the collimator 
housing glides across the two ball transfer units aided by 
support pads to ensure smooth and supported motion during 
alignment. 
 91 
 
3.24b.  This was seen to be indiscernible during actual alignment, though, as will be 
displayed in the next chapter. 
The collimator housing itself is attached to the rotational stage in one corner and 
floats on two ball transfer units from Gilmore-Kramer and as shown in Figure 3.24c.  The 
purpose of these is to reduce torque on the housing due to the weight and length of the 
collimator and housing.  The collimator is placed in the housing using four angle blocks 
that determine the anode viewing angle as discussed earlier and as shown in Figure 3.25a.  
These blocks, along with the collimator are clamped into the housing using set screws 
which provide the dual functionality of holding the collimator in place and also clamping 
the two parts of the collimator against its glass spacers as shown in Figure 3.25b.  The 
actual collimating pieces are 
tungsten carbide parallels 
manufactured by KC 
PrecisionTM, India, and they each 
measure 9mm x 17mm x 
150mm.  These parallels, like 
those from MitutoyoTM in the 
preliminary collimator described 
above, are guaranteed to be flat 
to within 100nm across all points 
on the 9mm x 150mm surfaces 
as indicated by grade 0 of the 
industry ISO 3650 standard. 
Therefore, when clamped 
against the two glass spacers on 
either side of the set of parallels, 
 
Figure 3.25:  (a) SolidworksTM assembly drawing showing the 
collimator itself and the angle blocks that define the viewing 
angle of the focal line. (b) Drawing that shows the collimator 
housing and arrows that indicate where set screws are used to 
clamp the angle blocks against the collimator to make sure it 
does not move in the housing and also to provide uniform 
compression against the glass spacers that form the slit, which 
are too small to be shown here. 
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a perfectly uniform slit is made between the parallels with a width that is solely 
determined by the thickness of the spacers.  In this way, both the viewing angle of the 
anode and the thickness of the collimator slit are mechanically variable, but not easily 
changed.  And although a device could have been designed that would allow for these to 
be varied electronically during operation of the X-ray chamber, it would have increased 
the thickness of the alignment assembly, and thus convenience was sacrificed for the 
corresponding increase in flux that came with a thinner assembly. 
 
3.8  Arrival of Apollo I and Device Repurposing 
 
Although initial testing for leaks and high voltage capabilities performed at 
XinRay went quite well, when the chamber arrived at UNC-CH, many problems were 
discovered.  The first problems came with initial high vacuum conditioning of the 
chamber.  As a general rule, all high vacuum devices that involve elements that increase 
in temperature rapidly must be conditioned so as to allow the gases released during such 
heating to be liberated in a slow, controlled manner.  Once these gases are freed and 
evacuated from the system by the pumping mechanisms, they are considered to be 
permanently eliminated.  Because most metal components at some point are fired in 
hydrogen, most of this “outgassing” deals with getting rid of this light gas and thus is 
quite tedious, because it tends to be the first gas to penetrate a high vacuum system and 
the last gas to be eliminated. 
 In this first assembly, though, the conditioning protocol was experimental, and 
thus completely untested, leading to the typical problems that arise when outgassing 
becomes too severe.  Namely, if the pressure in the chamber rises too rapidly, 
components that are under high voltage begin to have more arcing paths available to them 
because of the greater abundance of free ions and ionizable gases in the chamber.  When 
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this happens, electrical discharge occurs, rapidly heating both its points of origination and 
termination, and releasing more gases into the chamber.  If this process is left unchecked, 
it will exponentially degrade the high vacuum and make all high voltage components 
completely unstable, leading to more arcing and tripping of the circuit breakers in the 
power supplies that control them. 
Moreover, if an arc path is traversed too frequently by large currents, it can 
damage the surface of metal components, creating rough portions with microscopic 
protruding bosses on metals that only serve to increase the electric field near their tips 
and increase the probability for arcing there again.  Or, in the case of ceramic insulators, 
dielectric breakdown can occur on these paths, and once these paths have been created, it 
is far more likely they will be traversed again due to structural and material impurities 
being concentrated along that path by the arc.  Finally, arcing is especially detrimental to 
the CNT cathodes because of the microscopically small distance between the CNT 
surface and the gate electrode.  If the pressure gets above a certain level, typically around 
10-7 torr, arcing will start to occur between the gate and the CNT surface, bombarding the 
fragile CNTs with large ions discharged through the arc path, and drastically degrading 
the emission capabilities of the cathode. 
Therefore, if the conditioning protocol is not sound, the initial outgassing is not 
well controlled, or there are other causes of instability and thus arcing in the system; 
irreparable damage to the components can be made, requiring disassembly, cleaning, and 
sometimes even replacement of scarred components.  Sadly, this was the case for the first 
few assemblies of our device.  As can be seen in Figure 3.26a, in which the first of the 
five emitters was used to output around 40mA of current to the anode at a pulse width of 
5ms and a duty cycle of 1%, the pressure starts and continues to spike for seemingly no 
reason after the target anode voltage is reached and remained stable at 160kV for 1.5 
hours.  In addition, it continues to spike long after the anode high voltage was 
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automatically reduced by 
the conditioning software 
developed in-house at 
XinRay to prevent cathode 
and anode damage. 
Although it was 
thought at the time that this 
could have been due to 
improper degassing of the 
anode, a chamber leak, 
increased dark current, or a 
faulty gauge; it was actually 
found later that nothing was 
wrong with the prior 
conditioning of the chamber 
except for the fact that this 
was the first time focusing 
was used.  It was initially 
thought that focusing should 
be used during this step so 
as to provide the higher, 
operational current density 
on the anode surface during 
conditioning to increase the 
temperature of the focal spot beyond what it would typically experience during normal 
operation.  But because this was the first time that focusing had been used, it was 
 
Figure 3.26:  (a) Graph displaying the anode voltage in red and 
pressure in white vs. on-time in which it is clearly evident that at the 
8ks mark, instability occurs and the pressure starts to become 
uncontrollable independent of anode voltage. (b) Graph displaying 
applied voltage in red and cathode current in white that corresponds 
with the anode voltage in the graph above.  It can clearly be seen 
here that the cathode voltage and current are being disturbed by 
whatever is causing the pressure spikes. (c) Photograph of the cause 
of the problem in which the wire from the center nipple on the 
chamber that supplies one of the focusing electrodes is too near to 
the chamber wall, causing arcing from the wire to ground. 
 95 
 
eventually discovered that the main thing wrong with the conditioning here was that 
focusing had not been independently checked before.  And unfortunately, in this first run 
there were, in fact, numerous problems with focusing including inadequate power 
supplies, bad connections to the electrodes, insufficient insulation between the electrodes 
and grounded components in the chamber, and finally, wrong values being used for 
focusing voltages in the first place. 
These problems would continue to show up in various other places during the first 
few months of testing before they were fully diagnosed and solved in later iterations and 
assemblies of the chamber to be described in the next chapter.  As shown in Figure 3.26b, 
the cathode current during the conditioning described above was tremendously and 
frequently disturbed, despite the anode voltage being reduced to almost nothing.  This 
turned out to be due to current being siphoned and arcing to the focusing electrodes 
through the insufficient insulation and poor design of the connectors to the focusing 
electrodes as shown in Figure 3.26c.  This problem was temporarily fixed by using 
focusing power supplies with larger current tolerances, but eventually a large arc from the 
anode to one of the focusing electrodes eliminated any focusing ability in the first 
assembly at all, requiring a complete reassembly and redesign of the cathode assembly, 
how it was supported in the chamber, and how its connections to the outside power 
supplies were made. 
This marked the beginning of many design revisions and reassemblies, and during 
the next few months many more such problems would arise including misalignments 
between the cathodes causing non-collinear focal line segments and imperfect collimator 
X-ray transmission, phantom focal lines caused by dark current emission from the 
focusing electrodes, and instrumentation problems caused by X-ray interference and CNT 
sputtering.  All of these will be discussed in great detail in the next chapter along with 
many subsequent problems and design revisions.  But perhaps the most important 
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problem that was discovered was with the initial purpose of the project in general, and 
therefore I will conclude this chapter with an explanation of this problem and how it 
caused a complete repurposing of the project. 
The one part of the design and development of the prototype MRT device that I 
have purposely left out until now is the purchasing of a large enough power supply to 
deliver the short bursts of power that would be necessary to produce the dose rates 
calculated in the final section of chapter two.  Such a power supply would have to be able 
to deliver 350mA of current at 160kV to the anode in ~100ms, and afterwards, remain 
ready and waiting to deliver the next pulse on the next physiologically gated signal.  
Acquiring such a power supply proved to be difficult, because at the time of ordering, 
these specifications were not as well understood. 
Therefore, a custom-made power supply was ordered from Spellman, Inc. that 
would have both the capability to deliver the 56kW burst of power, and even to give a 
pulse width of up to 1s.  But because of a miscommunication between our group and 
Spellman, the power supply needed to maintain a maximum duty cycle of 8%.  
Practically, this meant that the power supply itself would be completely faulted out after 
a 10s window and then would have to be restarted.  This provided us with a multitude of 
issues when trying to use the power supply to keep our anode at the proper high voltage. 
The first and perhaps most technically discouraging issue with this type of 
operation is that in order to make use of the full 10s of available power supply on-time, 
we would have to start any X-ray pulse sequence with the almost immediate ramping of 
the anode voltage up to 160kV with virtually no time gradient.  Based on the earlier 
discussion on conditioning, this would be impossible without another power supply that 
could condition the X-ray chamber for a significantly higher voltage.  Without doing so, 
the chamber could never withstand such a rapid ramp up to 160kV without the 
occurrence of arcing and tremendous high vacuum instability.  Therefore, even if other 
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problems weren’t present, some of the available 10s of power supply on time would have 
to be used for a gradated ramp of the anode voltage, leaving only a few seconds for actual 
irradiation before the power supply would have to be cut off for at least two minutes. 
The second problem this presents is also based on conditioning in that all of the 
high power capabilities of the anode and gate would have to be employed for long 
periods of time before they could be relied upon during routine operation.  For instance, 
to retain high vacuum stability, the gate and anode would have to be degassed at 
conditions at least similar to running conditions in order to not liberate an enormous 
amount hydrogen when running in bursts of 56kW.  As was seen in the simulations 
above, the anode focal line segments will get up to well over 2000K if subjected to 
100ms bursts of 70mA current, and the gate will also cross temperatures not seen during 
preliminary conditioning.  Therefore, new pockets of absorbed hydrogen in the materials 
will be breached, and be outgassed during operation causing high vacuum instability, 
arcing, and cathode degradation.  These new temperatures would need to be reached 
slowly during conditioning in order to not damage the components of the device, 
completely precluding the use of this power supply for conditioning or testing of any sort, 
because of its 10s time limit. 
These problems over time would prove to be surmountable, but the final problem 
this mode of operation presents actually caused the power supply to never be used and 
the high power burst mode of the X-ray chamber to never be tested.  This problem is 
simply an algebraic one, namely that if the maximum duty cycle of the power supply is 
8% and the maximum duty cycle the chamber could handle was 10% with a 100ms pulse 
width, the maximum continuous duty cycle the system as whole could sustain would be 
0.8%.  If this effective duty cycle is multiplied by the maximum power of operation, you 
only get around 450W continuous power, much less than could be exploited by the power 
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supply we already had in operation for initial conditioning and experimentation using the 
test chamber. 
In addition, results gathered from preliminary microbeam experimentation as 
displayed in Figure 3.27a indicate that a peak microbeam dose of around 10Gy is 
possible in 8 minutes using only one cathode that delivered around 70mA to the anode 
while being operated at a 5% duty cycle and a 1ms pulse width.  Therefore, it can be 
calculated that our instantaneous dose rate for this chamber when using all five focal line 
segments would be around 2Gy/s.  But if this instantaneous dose rate is taken into 
account with the limitations mentioned 
previously, this drops the possible 
continuous dose rate using the above 
power supply to only roughly 
1Gy/min.  As a result, the only reason 
to use the larger power supply would 
be to condense large portions of this 
dose rate into small pulses that could 
be synchronized with a physiologic 
signal of the animal to be treated. 
By this time, though, it had 
recently been demonstrated in a study 
done at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble 
that it may not be necessary to 
perform physiological gating to get 
clean MRT dose distributions in 
murine brain tissue if proper 
 
Figure 3.27:  (a) Film image and corresponding dose 
distribution of one of our first microbeam irradiations. 
(b) One of our earliest histological images of microbeam 
DNA damage in a mouse.  Cell staining was done with 
hematoxylin and γ-H2AX labeling.  The microbeam 
width as seen here is around 350μm. 
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stereotactic restraints are employed.  In this study, an array of microbeams were delivered 
to a rat brain, the rat was stereotactically rotated, and then another array of microbeams 
that overlaps the first was delivered from a different entry angle.98  This method is 
effectively the inverse of what we did to our cylindrical phantom in the pilot study and 
must assume minimal motion of the rat brain’s microvasculature and surrounding tissue 
in the time when the rat is being repositioned, otherwise the beams would not perfectly 
coincide.  Therefore, if they saw no blurring of the dose distribution in such an 
experiment, we definitely would not have a problem abandoning physiological gating at 
this early stage in device development due to the fact that our preliminary microbeam 
(also as shown in Figure 3.27a) is quite a few times larger than the 50μm beams used in 
this experiment. 
As a result of the above circumstances, the initial purpose of the chamber to be 
able to deliver ultra high dose rate pulses of radiation was gradually dropped over the 
next year.  Based on the immediate interest and commissioning for animal testing and 
some of the promising initial results as seen in Figure 3.27b, testing the high-power pulse 
mode was deemed too risky given that a failure could result in the need for a complete 
rebuild of many device components.  Therefore, this first prototype device was 
repurposed for running at much lower power for longer periods of time using the 
commercial power supply we were already using for conditioning.  In this way, we would 
attempt to continue accruing animal data for radiobiological mechanistic studies, and 
simply not worry about gating, especially since we saw no need for it ourselves in our 
own preliminary studies.  To do this, we would simply run the chamber at lower total 
current, and attempt to raise the duty cycle as high as we could without causing long-
term, slow heating damage to the components in the chamber.  And therefore, all of the 
subsequent work done on the device would be towards the purpose of maintaining 
stability during small animal testing and pushing the continuous dose rate as high as 
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possible so that we could both add to the body of knowledge on the mechanisms behind 
MRT ourselves and gather the technical knowledge needed to build a second-generation 
MRT device more capable of delivering total doses on the order of those seen to be 
necessary for MRT efficacy. 
 
 
 
 
 
 
 
CHAPTER 4:  MECHANICAL AND PROCEDURAL OPTIMIZATION 
 
4.1  Problems Encountered during Early Use 
 
As introduced in the last chapter, a plethora of problems were encountered during 
the early use of the device, perhaps the most important of which was deeply rooted in a 
question pertinent to the repurposing of the device for continuous low-power usage.  As 
indicated in the previous chapter, proper conditioning for any high vacuum device starts 
with defining its operational protocol.  And therefore, the most important question that 
needed to be answered during early use was what exactly should constitute the full power 
of the device when operated continuously.  Since it was originally designed to run at a 
much higher power for much shorter time scales, this involved simply testing the limits 
of the device during early use and experimentation.  And because this method was based 
around finding the tolerance limits, we found some very intolerable modes of operation 
characterized by several problems and failures. 
 
4.1.1  Operational Difficulties 
 
 The first and perhaps most immediately noticeable of these problems was the 
tremendous instability and frequent arcing during initial testing.  Since these occurrences 
it was discovered that much of the instability was due to improper connections of the 
focusing power supplies as discussed at the end of chapter three and as will be further 
detailed in the third section of this chapter.  But, it was also almost certainly due in no 
small part to an inadequate conditioning of the anode to run at the high powers and long 
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operation times to which it 
was eventually exposed.  
During early testing, the 
device was operated at up to 
500W and running pressures 
of up to 5e-07torr as shown 
in Figure 4.1a.  Although it 
was thought that this would 
be OK at the time and did 
actually produce the highest 
continuous dose rates we 
ever observed using this 
device, it was later seen that 
the R28 plug became 
dangerously hot during this 
round of testing as indicated 
by the complete degradation of the silicone grease that is used to seal it to the 
feedthrough as seen in Figure 4.1b. 
 Therefore, the maximum running power of the tube was decided to be 400W 
when the tube was to be operated for around two hours, as was determined by calculation 
and experimentation that will be expanded upon in the second section of this chapter.  
And this was only after proper conditioning and the assurance of not only a low running 
pressure, but the low base pressure which should precede it.  At this early point of 
operation we only had around a 1e-08torr base pressure, which would later be seen to be 
a good mid-level operating pressure, but an awful base pressure for the chamber.  As 
described in the conclusion of chapter three, such high pressure leads to rampant arcing, 
 
Figure 4.1:  (a) Graph displaying voltage and pressure when running 
the device at 500W.  Note that the pressure far exceeds 1e-07torr 
when running and 1e-08torr when turned off.  (b) Photograph 
displaying melted silicone grease caked onto the interior of the 
feedthrough and scorched into the metal of the female connector. 
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especially if the proper measures 
are not taken to ensure non-violent 
discharge of the electrical 
components and insulation 
distances between them, some of 
which were not employed until 
months after initial testing took 
place. 
Therefore, we encountered 
some incredible displays of arcing 
in the chamber.  Some of these 
arcing events were from the anode 
to the focusing electrodes and then 
to the grounded chamber or 
baseplate of the cathode assembly, 
as shown in Figure 4.2a and Figure 
4.2c, while others were between 
the wires connecting the focusing 
electrodes and the grounded 
surfaces around them as shown in 
Figure 4.2b, also presumably due 
to discharging of the anode onto the focusing electrodes.  One of these arcs in particular, 
was even so violent as to puncture a hole clear through one of the insulating ceramic 
washers in the cathode assembly, as shown in Figure 4.2d, which was quite uncommon 
due to the usual breakdown of ceramic insulation along its surface. 
 
Figure 4.2:  Photographs showing (a) a large scorch mark 
where arcing repeatedly occurred between the top focusing 
electrode and the grounded floor of the chamber, (b) between 
the wires carrying the focusing voltages and the grounded 
holes they passed through, and (c) the posts of the top 
electrode and the grounded baseplate.  (d) One arc was even 
so violent as to punch a hole through the ceramic washer. 
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In addition to the destruction of insulating materials, the early methods of 
operation caused extremely fast cathode degradation, as seen in Figure 4.3, due to the 
high temperatures and pressures in conjunction with the arcing and instability previously 
described.  In this diagram, it can be seen that the voltage needed to maintain the same 
current from the cathode is increasing at a rate of around 150V/hr.  Based on the fact that 
these cathodes were later measured to typically break down at around a gate-cathode 
voltage of 2000V, this type of operation would only allow for around 10 hours of 
operation after initial conditioning assuming a turn-on voltage of 500V for fresh 
 
Figure 4.3:  Graph showing rapid cathode degradation while the device is run at 500W.  Current is 
displayed in black, while applied voltage and gate-cathode voltage are displayed in red and green, 
respectively.  As can be seen in the second section of on-time here, the rate of increase in voltage required 
to maintain the same cathode current is around 150V/hr and is starting to give way to more violent 
degradation as indicated by the sudden drop in current towards the end.  It can also be seen between the 
two sections of on-time that the cathode does not recover any of this loss with rest, as will be shown later 
under more stable conditions. 
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cathodes, during which a large chunk of the lifetime would be used to prepare the gate 
mesh and the anode for high power use. 
The only way to prevent such degradation is to keep the temperature of the gate 
mesh and cathodes and the pressure in the environment around them low.  This is because 
the degradation is caused by the destruction of the CNT surface either by the overheating 
and resulting evaporation of the emitter tips or micro arcing between the surface and the 
rungs of the gate mesh, both of which increase in probability with increasing temperature 
and pressure.  In addition, these problems are only intensified by anode instability and the 
possibility of arcing to the cathode assembly and then random discharge throughout its 
components, which inevitably increases the frequency of these micro arcing events and 
sometimes even causes a direct violent arc between gate and cathode.  This type of event 
on the other hand, causes immediate and large drops in cathode current because of the 
almost instantaneous destruction of a large area of CNT emitters on the cathode surface, 
as will be shown in Figure 4.6a. 
Another, more unusual thing that happened to the cathodes during the first few 
months of using the chamber for live animal experimentation was side-by-side 
degradation of the cathodes.  This particular phenomenon requires a bit more information 
to describe and so I will spend more time on it.  During this time, we had just started to 
abandon the idea of using the large power supply, as discussed at the end of chapter three, 
and were solely using the smaller XRV160P4000.  This power supply, as also discussed 
in chapter three for use with the focusing test chamber, could supply up to 4kW of 
continuous power, but had a current limit 30mA.  Because we ran our cathodes in pulsed 
mode, though, this limit significantly cut down the amount of available power we could 
use because of the duty cycle of operation. 
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Therefore, we initially tried to use all the cathodes simultaneously with 10mA per 
cathode which at a 60% transmission rate would give us roughly the 30mA limit on the 
anode.  We found, though, that the potentiometers currently in the resistor box could not 
provide enough resistance to even out the wildly varying capabilities of the different 
 
Figure 4.4:  (a) Graph showing cathode strengths at various times during initial conditioning of the fourth 
assembly of the device at 1900V applied.  Note that emitter four is considerably stronger than the other 
cathodes.  (b) Graph showing IV curves of all the cathodes after months of using only cathode four.  Note 
that the initial relative strengths of the cathodes stayed the same, regardless of the fact that none of them 
had been used. 
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cathode segments as touched upon at the end of the last section.  Moreover, at this point 
we had only aligned the collimator to one cathode at a time, and it was unknown whether 
trying to align all of them simultaneously would cause a drop in the percentage of 
available flux that would make it through the collimator.  Therefore, it was decided that 
only one cathode would be used at a time, starting with cathode four, because it had 
originally shown the strongest emission data, as shown in Figure 4.4a. 
 After months of usage and testing, though, using only this cathode at a current of 
about 48mA, a pulse width of 1ms, and a duty cycle of 5%; it was found that all the other 
cathodes had degraded alongside it as can be seen in Figure 4.4b.  Over the course of five 
months of experimentation, cathode four was still the strongest emitter even though it had 
degraded to need 350 more applied volts to achieve a 50mA emission current through a 
resistance of 12.5kΩ.  Moreover, the other cathodes not only remained weaker than 
cathode four, they had all degraded by similar amounts, still showing the same order of 
emission strength that they had during conditioning. 
Therefore, the initial plan to make use of the fact that there were five available 
cathodes in the chamber to increase its overall lifetime for radiobiological studies then 
proved to be impossible because of this side-by-side cathode degradation.  Cathodes 1 
and 2 had degraded so much that they could not even achieve 50mA of emission current 
anymore without pushing them straight to the end of their lifetime.  And while cathodes 3 
and 5 were still viable, they still weren’t as strong as cathode four, which was already 
nearing the end of its lifetime at this point in testing. 
This unexplainable phenomenon, which at this point had never been seen in our 
lab before, precipitated a further investigation into what could have caused degradation in 
the cathodes that had been essentially unused until this point.  Therefore, the last bit of 
life in cathodes 3, 4, and 5 was used, and when the chamber was disassembled to replace 
the cathodes, they were all visually inspected and further investigated using scanning 
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electron microscopy (SEM) upon removal.  The visual inspection showed a never-seen 
brown color to the face of the CNT surface of cathodes 1, 2, 3, and 5 contrasted with the 
normal black color of the surface of cathode 4 as shown in Figure 4.5.  It was almost as if 
the cathode surfaces had been burned. 
The SEM results shed further light on what may have happened to cause the side-
by-side degradation.  All emitters that were analyzed and that were not used for the 
months while cathode four was being used exclusively showed a pattern similar to what 
is seen in Figure 4.6a.  Namely, it was as if a shadow of the gate frame had been cast onto 
the cathode surface, both on the emitting surface and the bare Molybdenum substrate.  
Also shown in this figure are scorch marks that were obviously formed from arcing 
between the gate and the cathode surface.  Also, broken and thickened CNTs from 
cathode one are seen in Figure 4.6b, along with clusters of what appears to be either 
heavily damaged and clumped CNTs or foreign debris on the surface of cathode two in 
Figure 4.6c.  Due to this study simply giving us an indication of how not to operate the 
device in the future, this phenomenon was never explored in any more depth, but in 
hindsight, this data gives clues as to what may have happened here. 
 
Figure 4.5:  Example of brown discoloration of cathodes 1, 2, 3, and 5 after side-by-side degradation.  
Notice the normal black color still present on the surface of cathode four indicated with the red circle even 
after complete degradation. 
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Since this happened, it has been 
determined, as stated earlier, that the 
operating temperature and pressure that 
were being used during these first few 
months of testing was far too high for 
safe operation of the many components 
in the assembly.  Therefore, a first 
theory to why this side-by-side 
degradation occurred is that the 
enormous amount of radiative heat 
emanating from the anode cooked the 
cathode surface and caused an unknown 
chemical change in the surface.  This 
was corroborated by the discoloration 
seen on the cathodes and the shadows of 
the gate seen during SEM.  This theory 
was also given credence by the fact that 
later in testing it was shown that the 
cathodes temporarily reduce their 
emission during long, and thus hot, 
periods of operation, only to completely 
recover afterwards.  This indicates an 
obvious increase in temperature, and 
thus resistance, during operation and 
implies that it is possible that the 
 
Figure 4.6:  (a) SE micrograph displaying a ‘shadow’ 
of the gate mesh imprinted onto the surface of cathode 
two.  Also shown are the characteristic pock marks 
from violent gate to cathode arcing.  (b) Thickened and 
broken CNTs on the surface of cathode one.  (c) 
Debris or clumped and damaged CNTs on the surface 
of cathode two. 
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cathode surfaces could get so hot as to suffer some type of damaging chemical change if 
repeatedly heated past some unknown point. 
This theory of course leaves something to be desired, though, in that cathode four 
should have been damaged as well, leaving it degraded worse than its neighbors, unless 
its electron emission somehow shielded it from damage.  Based on the failure of this part 
of the hypothesis, the discoloration on the surface of the cathodes alternatively could 
have been due to material gradually being sputtered back onto the cathode surfaces, 
disabling the CNT emitters and leaving the shadow of the gate frame and debris on its 
surface.  Then it could be considered possible that the emission of cathode four saved it 
from this damage since the CNTs were always being used and thus self-cleaned by 
blasting debris off the surface. 
Sadly, the exact reason behind this occurrence was never isolated, and in the 
future the device was simply run with all emitters active whenever possible.  But this 
story provides a great example of how many variables there were in making the device 
run smoothly and efficiently and how some of them, although fixed, were never 
completely explained.  As a side note, this still happens in the chamber when one cathode 
is needed to be turned off for significant lengths of time while the others are used and is 
simply viewed as unavoidable. 
 
4.1.2  Problems Found in Characterization 
 
The operational problems listed above also gave way to a whole host of 
difficulties in the ability of the device to create microbeams, with perhaps the most 
obvious being that the main focal line was initially seen to have two neighboring focal 
lines.  Initially, we measured our focal line width with a LabViewTM program that was 
developed at UNC-CH originally for measuring the focal spot dimensions of our various 
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imaging devices using the shadow of a tungsten wire as described by the European 
Standard EN-12543-5.102  This method will be described in detail in the final section of 
this chapter, but for now I will just show that instead of one shadow of this wire, we saw 
three as seen in Figure 4.7a.  These lines could not only be seen during focal line width 
measurements, but also caused extra peaks to be seen through the collimator as shown in 
Figure 4.7b. 
This problem was not only problematic for microbeam creation, but also because 
it was thought to be caused by dark current emanating from the edges on the focusing 
surfaces of the top focusing electrode, and thus heralded the coming of tremendous 
further instability in the system.  Furthermore, this dark current would cause the top 
focusing electrode voltage to float up to over 10kV during testing before finally tripping 
out and causing further instability in the system.  Not only did this make running stably 
during live animal experimentation next to impossible, it also made it so the width of the 
focal line during such experimentation was completely unknown. 
 
Figure 4.7:  (a)  X-ray camera image of the shadow of a tungsten wire cast by our device when using no 
gate voltage and thus no intentional cathode current.  Notice that there is a prominent shadow produced by 
dark current, presumably off the focusing electrodes, gate mesh, and cathodes.  (b) Similarly problematic 
transmission of dark current through the microbeam collimator, as shown by a flux profile of the X-rays 
exiting the collimator.  Note that the profile in (b) does not correspond to the experiment in (a). 
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To make this initial characterization even worse, these dark current lines made it 
next to impossible to even determine the width of the main focal line, due to the fact that 
our initial program did not use background subtraction and therefore could not account 
for the shadows in its calculation of the focal line width.  Because of the numerous other 
difficulties encountered at this time, though, this specific problem was not fully addressed 
until many assemblies later when both the side lines were eliminated and the 
 
Figure 4.8:  (a) Dramatization of the possibility of cathode misalignment due to extra clearance room of 
the screw holes in the glass plate.  (b) X-ray camera image and profile of the wire shadow created from 
two cathodes.  Note the extra wide penumbra, indicating a focal line width that is over 400μm.  (c)  
Graphs displaying the offset microbeam profiles of the X-ray transmission through the collimator from 
two adjacent cathodes.  Note how when both cathodes are turned on together in the last panel, the max 
flux is not as high as the independent sum and is in positioned between the two separate peaks. 
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determination of focal line width was done using a method based on the same standard 
but modified for our specific line source. 
Using the early unmodified method, though, it also became clear that the cathodes 
were out of alignment as illustrated in Figure 4.8a.  This was determined by the fact that 
when only two cathodes were turned on simultaneously, the penumbra of the shadow of 
the tungsten wire became much larger, as shown in Figure 4.8b, indicating a much wider 
focal line.  And although this could have been caused by a slight angular displacement 
between the tungsten wire and the focal line itself, the magnitude with which the focal 
line reading increased with the effective addition of only double its length precluded 
angular offset as the sole, or even the primary, source of the increase.  Additionally, 
during early microbeam collimator alignment, it was seen that the collimator had to be in 
two very different positions to give maximum flux from two different cathodes.  
Moreover, when the collimator was re-aligned simultaneously to the two cathodes with 
the closest alignment settings with both cathodes turned on, a noticeable offset of the flux 
profile could be seen on the camera image when leaving the collimator in the same place 
and viewing the image of each cathode separately, as shown in Figure 4.8c. 
This set of events further indicated the need for a better method for focal line 
measurement, but also demonstrated the need for a way to ensure that the cathodes 
themselves were put in the straightest possible line during assembly.  In addition, these 
early alignments of the microbeam collimator were not done near enough because they 
tended to be long and tedious.  This was due to the fact that the motion of the rotation 
stage on the collimator alignment system is not linearly independent to the motion of the 
translation stage, and therefore any adjustment in one caused an unknown but necessary 
change in the other to retain maximum flux.  This led to the early use of a rough, 2D trial 
and error method of alignment which took quite some time to complete.  When the device 
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operation became more stable, though, a more scientific method was developed that will 
be described in its entirety in the final section of this chapter. 
All these problems and many more that have gone unlisted here eventually led to 
the temporary cancellation of live animal experimentation.  This occurred after one 
particularly rushed and disastrous round of conditioning and experimentation caused the 
complete degradation of an entire set of cathodes in one day, in addition to some close 
calls with X-ray and high voltage safety.  Afterwards, during a six-month long process, 
the chamber was rebuilt, and all the modifications in design and operation that were put 
off up until that point were finally made.  These, along with other modifications that were 
hastily made during the initial period of uncertainty and instability in device operation, 
will be thoroughly detailed in the remaining sections of this chapter, after which, the 
fruits of the rebuilt system will be presented. 
 
4.2  Mechanical Modifications Made 
 
Some of the first and perhaps most important revisions to the design of the 
chamber occurred during and shortly after initial acceptance and testing of the device.  As 
concluded with at the end of the previous chapter, the connections to the focusing 
electrodes were somewhat awkward and confined in the initial design.  All the 
connections for the cathodes and focusing electrodes were crammed into one small nipple 
in the center of the front of the chamber, and to make matters worse, the pins for the 
multi-connector feedthrough almost spanned the length of the nipple as shown in Figure 
4.9a.  This made for a considerable rats nest of cables shoved into this small space and 
made it all but impossible to keep all the connections separate and insulated from each 
other during assembly.  Moreover, in order to withstand the high temperatures involved 
in the high vacuum bake-out of the system, the wires can only be insulated from each 
 115 
 
other and the chamber walls with 
ceramic beads, as shown in Figure 
4.9b.  These beads make the wires 
far less flexible and are prone to 
cracking and chipping when they 
are properly and tightly threaded 
over the wires to prevent crossing of 
the conductors. 
 Therefore, in order to 
prevent the problems discussed at 
the end of the chapter three, many 
changes were made to the 
appearance of the front of the 
chamber and eventually the cathode 
assembly itself.  But, the first 
change was made even before the 
problems at the end of chapter three 
were encountered because of the 
considerable mess the seven beaded 
wires created when compressed into 
the small space available inside the 
center nipple.  That change was to 
add a 2.75” tee to the center nipple 
on the front of the chamber as shown in Figure 4.9c.  This tee was used to expand the 
space in which the cluster of wires connected to the multi-pin feedthrough could reside.  
This also allowed for easy connection of the wires to the pins because there were now 
 
Figure 4.9:  (a) SolidworksTM figure displaying the tiny 
area available for wires in the initial design.  (b) 
Photograph showing the ceramic beads used for wire 
insulation in high vacuum.  Circled component is part that 
was stuck under assembly and experienced arcing.  (c) 
Photograph showing the new tee placed on the chamber to 
prevent wire bunching. 
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two ports from which to access the wires.  In addition, this allowed for longer lengths of 
wire to be used, and thus easier manipulation of the cathode assembly when connected. 
 
4.2.1  Primary Structural Redesign 
 
 The next changes to the front of 
the chamber came directly after the 
focusing electrode instability described at 
the end of chapter three and required 
much of the chamber to be completely 
rebuilt.  First, the connection problems of 
the focusing electrodes had to be 
addressed.  Instead of the power for the 
focusing electrodes entering the chamber 
through the center, they would be 
supplied through two separate SHV-10 
electrical feedthroughs from Kurt Lesker, 
Inc.  These feedthroughs would be come 
in from each of the other two ports on 
either side of the center nipple.  In order 
to make this possible, many things had to 
be changed.  First, the two side nipples 
would have tees attached to them as well, 
as shown in Figure 4.10a.  Next, due to 
the effectively lengthened ports, longer 
posts for fastening the cathode assembly 
 
Figure 4.10:  Solidworks figures showing (a) the 
elongated posts for cathode fixation and the SHV-10 
feedthrough for powering the focusing electrode, (b) 
the new path through the cathode baseplate which the 
wire would connect to the top focusing electrode, and 
(c) the new cutouts in both the gate frame and the 
middle focusing electrode that would allow passage 
of the wire to the top focusing electrode on one side 
and easy connection to the middle focusing electrode 
on the other.  Note that all four metal components 
had to be edited in order to achieve this redesign. 
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to the chamber would have to be fabricated.  Also, in order to not have wires running 
underneath the cathode assembly as was shown in Figure 3.26c, new holes were made in 
the cathode assembly for the wires to pass directly through to their appropriate focusing 
electrode as shown in Figure 4.10b.  In addition, notches were made in the gate frame to 
allow for the easy passage of these wires and the ability to fit larger ceramic beads on the 
focusing electrode wires as shown in Figure 4.10c.  By making these changes, the wires 
leading to the focusing electrodes would be sure to be well-insulated and protected from 
arcing to ground and tripping the power supplies. 
Perhaps the most significant redesign that was brought about by the observed 
instability in the focusing electrodes, though, was the complete redesign of the insulation 
inherent in the cathode assembly.  When the initial designs were studied more closely, it 
became apparent that the creepage distances along the ceramic surfaces were insufficient 
to provide insulation between focusing voltages and the grounded components within the 
assembly itself.  The creepage distance is defined as the shortest path along the ceramic 
surface between two conducting components.  If this distance is not great enough, the 
random paths of discharge off of the ceramic surface into the local atmosphere 
originating at the two conducting surfaces can meet and produce tracking of the 
insulating ceramic through a small arc event.  With every event, this tracking becomes 
more likely and the path along the ceramic surface becomes more contaminated and thus 
conducting, causing an eventual complete dielectric breakdown.103, 104  Therefore, 
experiments were done to measure the minimum creepage distance in our vacuum 
environment as a function of electrode voltages, and the cathode assembly was 
redesigned to maximize this distance wherever possible. 
 118 
 
It was hypothesized that 2mm of creepage distance should be sufficient for the 
focusing voltages that were simulated in earlier experimentation as described in the third 
chapter.  Therefore, the experimental setup in Figure 4.11a was created to test for the 
maximum voltage that could be withstood at this distance.  The results, as shown in 
Figure 4.11b and Figure 4.11c were initially very surprising.  It was found that the 
maximum voltage can be increased to up to 10kV with slow conditioning although arcs 
that caused large pressure spikes and power supply tripping initially occurred at roughly 
6, 7, 8, and 9kV.  Instability continued after reaching 10kV, but when the voltage was 
then lowered back to 8kV, it was found that complete stability could be reclaimed.  This 
was explained by the fact that tracking is caused by impurities on the surface of the 
ceramics, and low intensity arcing would initially serve to burn these off.  But if the 
 
Figure 4.11:  (a) Diagram illustrating the experimental setup to measure how much voltage could be 
withstood by ceramics given a creepage distance of 2mm.  (b) Graph displaying pressure spikes (white) 
and power supply trips as voltage (red) was ramped.  Note that the pressure spikes occur early and signify 
cleaning of the ceramic surface, whereas the later trips signify ceramic breakdown. (c) Graph displaying 
instability when the voltage is held at 10kV, but complete stability at 8kV, again indicating a form of 
conditioning of the ceramic surface to run at the desired specification.  Note that the unlabeled numbers on 
the right side of the graph represent the kV of the electrode. 
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voltage continued to rise and arcing continued, eventually carbonized paths would form 
in the ceramics and cause stability to drop once again.  This was actually confirmed 
during a later reassembly in which focusing was initially quite stable, but anode arcing to 
the focusing electrodes due to problems that will be discussed in the next section of this 
chapter eventually caused another pervasive breakdown of the cathode assembly 
ceramics as seen in the first section. 
Due to this confirmation that 2mm would be an appropriate creepage distance to 
maintain for all parts within the cathode assembly, the design of the assembly was 
modified to always maintain that minimum distance between all conducting surfaces as 
shown in Figure 4.12.  The first modification that can be seen here is the moats carved 
into the top electrode to force the creepage distance between the top and middle 
electrodes to be defined around the edge of the ceramic washers.  The second edit is to 
open up the holes in the middle electrode and the baseplate that the posts of the assembly 
 
Figure 4.12:  Diagram illustrating the various changes made to the design of the cathode assembly.  Note 
the continued presence of sharp edges both at the top of the gate frame and the opening of the top focusing 
electrode remained.  This was an oversight that would be fixed in later tweaks of the assembly.  In 
addition, note that the top electrode is listed as being at 8kV while the middle is at 5kV, directly opposite 
of what was simulated.  This too, was an error of operation that persisted throughout many assemblies 
before it was caught and rectified. 
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pass through to increase the creepage distance on the face of the ceramic washers 
between the posts and those other conducting components.  The next edit was to increase 
the diameter of the ceramic washers between the middle and top electrodes and between 
the baseplate and the metal washers and nuts on the posts, while also using metal washers 
with a smaller diameter.  This was primarily to increase the creepage distance in these 
positions, but also to provide added mechanical strength to allow these ceramic washers 
to withstand the pressure applied by the metal nuts needed to hold the assembly together.  
The increase of creepage distance provided by these last few edits were especially 
important since the voltage between 
the posts and the grounded baseplate 
was initially placed at the maximum 
of 8kV.  Finally, all edges between the 
all electrodes in the assembly were 
filleted to make sure there was no 
sharp edge field enhancement between 
components that could lead to arcing. 
The next revision to the design 
of the cathode assembly probably 
would have been considered the most 
significant if the device was ever to 
run at full power because of the 
tremendous impact it had on the 
overall thermal resilience of the tube.  
During the time between the first 
assembly of the device and the third 
assembly when all the above changes 
 
Figure 4.13:  (a) Microscope images of the initial 
tungsten mesh samples in which bar width uniformity 
was a problem.  (b) Microscope images of stainless steel 
curved mesh after conditioning showing breaks and 
bends on the left and oxidation on the right. (c) High 
resolution photograph of the highly uniform and 
undamaged mesh after conditioning and usage in the 
third chamber assembly. 
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were enacted, a new gate mesh had been developed in a joint project between UNC-CH 
and XinRay.  This gate mesh was far superior to the previous stainless steel mesh used 
because although it had the same mechanical design, it was made out of tungsten using a 
process involving photolithography and deep reactive ion etching that is beyond the 
scope of this work. 
Initially, as shown in Figure 4.13a, bar widths of meshes created in this manner 
were quite variable, but after a long optimization process, fairly uniform gate meshes 
could be made.  Given that they were of the same geometric design as described in the 
previous chapters but made from sheets of tungsten, they could withstand far greater 
power deposition due its lower coefficient of thermal expansion, higher thermal 
conductivity, and higher melting point when compared with stainless steel.  This can 
clearly be seen from a direct comparison of the two meshes shown in Figure 4.13b and 
Figure 4.13c.  The first mesh shown is stainless steel and was clearly damaged after 
initial conditioning and a small amount of usage in the second assembly of the device, 
whereas the next mesh is made of tungsten and withstood the same conditioning 
procedure as the first mesh, along with a few months of usage and experimentation. 
 
Figure 4.14:  (a) Photograph highlighting the space underneath the cathode assembly that is necessary for 
insulation of the focusing electrodes from the grounded floor of the chamber.  Note that this space had to 
be created with shims that were later removed once the assembly was tightened to its mounting posts.  (b) 
Photograph highlighting the permanent shims placed behind the cathode assembly to keep the fastening 
nuts a safe distance away from the grounded front surface of the chamber. 
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One other small edit that is perhaps not as crucial to the stable operation of the 
device will also be listed here because of its direct influence on the further prevention of 
arcing events due to the focusing voltages, and it is the use of shims to space the cathode 
assembly away from the front surface and bottom of the chamber.  When the tees were 
added to the small outside nipples on the front of the chamber and the large posts that 
hold up the cathode assembly were elongated as a result, it caused a slight misalignment 
of the cathode assembly to the anode due to the increased lever arm distance.  Therefore, 
in order to make sure both sides of the cathode assembly were the proper distance off of 
the chamber floor as shown in Figure 4.14a, shims were temporarily placed under the 
assembly before it was tightened to the posts.  In addition, permanent shims were placed 
between the cathode assembly and the front surface of the chamber as shown in Figure 
4.14b in order to ensure proper insulation distances between the grounded chamber 
surface and the protruding nuts on the underside of the cathode assembly that were to be 
put at 8kV as seen in Figure 4.12. 
The next few edits to the design of the cathode assembly were not enacted until 
the fifth assembly either because the problems behind them had not been found until that 
point or there was simply not enough time to enact them given the hectic schedule of 
radiobiological experiments for which the device had to be operational.  The first of these 
edits was to round off the chamfered edge of the top focusing electrode.  This electrode 
was initially specified to have a flat rectangular focusing surface by focusing simulations 
as was shown in Figure 3.6a.  But in order to not have sharp edges close to the anode to 
which arcs could discharge or from which dark current could flow, these surfaces were 
supposed to be rounded off during manufacturing.  An oversight, though, left these edges 
sharp, as shown in Figure 4.15a, and was almost definitely the cause of the dark current 
lines seen in the first section of this chapter since they have not been seen since this edit 
was made. 
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The next very minor edit that I will list here was borne out of a problem that was 
extremely easy to overlook, but that caused serious headaches in the stability of the 
focusing electrodes.  In the original design of the cathode assembly, it can be recalled that 
the posts that hold the entire assembly together were welded into the top focusing 
electrode.  This turned out to be a design flaw because the messy weld points around the 
post made it so the ceramic disks between the top and middle focusing electrodes did not 
fit flush against the surface of the top electrode, as seen in Figure 4.15b.  This caused 
cracking and breakage of the ceramic disks when the assembly was tightened together 
and led further to arc 
discharge paths along the 
newly formed cracked 
surfaces.  This was fixed 
simply by cutting a chamfer 
on the side of the inner 
diameter wall of new 
ceramics to allow space for 
the weld points, also as seen 
in Figure 4.15b.  Afterwards, 
the ability of these ceramic 
disks to fit flush against the 
bottom surface of the top 
focusing electrode was 
restored. 
The final edit to the 
cathode assembly would 
never have been noted if not 
 
Figure 4.15:  (a) SolidworksTM diagram showing the unrounded 
edges of top focusing that provide an unshielded sharp edge facing 
the anode.  (b) Photograph showing the messy weld that connects 
the posts to the top focusing electrode circled in yellow, the broken 
ceramic washer with a violent arc mark perpendicular to its crack, 
and the location of a where to put a new chamfered edge on the 
inner diameter of the ceramic washer (shown by the black arrow) 
to alleviate the uneven pressure against the weld. 
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for the wildly varying strengths of the cathodes.  It was initially thought that since the 
cathode-gate gap is controlled to be approximately 150μm by very strict mechanical 
tolerances on the assembly components, the cathodes should all perform similarly under 
the same gate voltage.  This had not turned out to be the case, though, with cathodes 
outputting currents that could vary by as much as 50% even after initial conditioning, as 
was seen in Figure 4.4a.  This led to questioning of whether the gap was actually uniform 
across the entirety of the five segments, and it turned out that it was not.  As is displayed 
in Figure 4.16a, there was an additional gap of up to 0.1mm created by the pressure of the 
 
Figure 4.16:  (a) Photographs showing the space created between the baseplate and the gate frame by the 
pressure from the set screws holding up the quartz plate on which the cathodes reside.  Highlighted is the 
measurement of an additional 0.1mm of gap.  (b) Bracket highlighted as a makeshift fix of this problem 
through the addition of many of these brackets along the sides of the gate frame to hold it flat against the 
baseplate. 
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set screws and the quartz plate on the gate frame since the frame itself was only held in 
place by four screws on the its ends.  Therefore, this was mitigated by adding extra 
fasteners along the length of the gate frame as shown in Figure 4.16b to make sure that no 
such deflection would take place in subsequent assemblies. 
Also during this reassembly, the height of each cathode substrate was more 
rigorously tested with a depth gauge accurate to one micron.  Specific shims based on 
these measurements were placed between each cathode and the glass substrate to ensure 
that the top of each cathode was equidistant from the plane of the gate mesh.  It was 
discussed, though, due to the non-uniformity and possible buckling of the tungsten foil 
that the gate mesh is etched into, that the gap distance between cathode surface and gate 
mesh should be increased to reduce error in the system.  This is due to the fact that the 
Fowler-Nordheim Equation that governs the cathode output as listed in the first chapter 
depends strongly on the gap distance as shown below in Equation 4.1. 
 
ܬ = ܣ݁
ି௕௥
ݎଶ  4.1 
 |∆ܬ|
ܬ = (2 + ܾݎ)
∆ݎ
ݎ  4.2 
Therefore, any relative error in this distance corresponds linearly to a variation in 
current as shown above in Equation 4.2.  As a side note, this is true regardless of the 
value of br because it corresponds to the argument of the exponential in the Fowler-
Nordheim equation.  Whether this argument is large or small at a given current density J, 
the relative error in current density still scales linearly with the relative error in gap 
distance.  This has the consequence that an increase in the gap distance, although 
requiring a larger voltage to extract the same current density from the cathode, would 
also give a smaller current variation given a known lower limit to the mechanical 
tolerance Δr of the gap distance.  Regardless, due to the negative consequence of 
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requiring a larger, and more expensive, cathode power supply, this thought was discarded 
and a gap distance of around 150μm was retained. 
Unfortunately, these measures did not curtail the non-uniformity of cathode 
currents under similar applied voltages and liberal use of modifying resistances for each 
cathode had to be used to keep currents at similar levels.  In hindsight, this should have 
been obvious, since a deflection of the gate frame and gate by the quartz plate should 
have also deflected the average position of the cathodes by a similar amount, since they 
are physically separate from each other and directly mounted to the quartz plate.  This 
was confirmed in the next assembly when cathode currents were still quite non-uniform, 
as will be discussed in the final chapter.  Thus, it was assumed that the non-uniformity 
was due to circumstances beyond our control such as non-uniform gate thicknesses or bar 
widths, the inevitable variation in gap distance, and edge effects of the focusing track.  
These theories were already expected as described in the paragraph above and also due to 
the large variation in gate meshes experienced early in the development of the mesh 
fabrication protocols as shown earlier, and they would later be corroborated by non-
uniform transmission rates through the different gates for each cathode to be discussed in 
the fourth section. 
Despite the seemingly complete nature of the redesigns described here, all of 
these edits alone were not enough to curb the whole host of instability issues inherent to 
the chamber’s operation.  Problems related to the connection, conditioning, and operation 
of the device also had to be addressed and rectified before operation would completely 
stabilize.  But in order to diagnose these problems and safely run testing on the device, a 
variety of new components were appended to the chamber, which will be discussed in 
detail in the next subsection. 
 
4.2.2  Secondary Accessories Added 
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One of the most cumbersome initial problems encountered when conditioning and 
running the device was the failure of the pressure monitoring devices.  Throughout the 
usage of the MRT device, three different pressure monitoring devices have been present.  
The first was the FRG-700 from VarianTM, the next was the RGA100 from Stanford 
Research SystemsTM, and the last was the gauge on the MicroVac ion pump controller 
also from VarianTM.  The first problem encountered was the placement of the RGA too 
close to the FRG-700 as shown in Figure 3.15c.  This was simply an oversight of material 
stated in the manual of both devices that they cannot be too close together or their 
readings will interfere with one another.  Therefore in early assemblies, we just turned 
one off while the other was on and vice versa, but of course, this eliminated the 
possibility of using the other as a redundant check, which was sorely needed due to the 
other inconsistencies encountered when using them in early operation. 
 These inconsistencies arose because almost all of these devices become faulty and 
irregular if debris is deposited onto the measurement assemblies in the devices.  For 
instance, the FRG-700 is a duel Pirani / inverted magnetron cold cathode gauge.  The 
Pirani gauge works by a heated filament that loses heat in proportion to the number of 
molecules in its local atmosphere.  When it loses heat its resistance changes and can be 
electrically measured thus giving an indirect measurement of ambient pressure.  This 
gauge only works down to a certain range, after which the cold cathode gauge turns on.  
This gauge works by emitting electrons that swirl towards an anode in the low pressure 
environment.  If gas particles are hit by these electrons, they will ionize and be collected 
at a nearby collector electrode.  Therefore, this type of gauge was awful for our 
application especially during early experimentation when device stability had not yet 
been achieved. 
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Assuming CNT cathode degradation sputters CNTs into the chamber, the cold 
cathode gauge will absorb some of them, causing variations in cathode and ion current 
for a given voltage of the cold cathode and thus a distorted measurement of the amount of 
particle ionization and pressure in the chamber.  Additional contaminants can also cause 
the gauge to simply shut down and read “underrange”.  Periods of shutdown followed by 
inconsistent readings is exactly what we saw during early operation, and an example of 
other such errant behavior is shown in Figure 4.17a.  In addition, the Pirani portion of the 
gauge absorbs all sorts of material during operation, but only cuts on at the beginning of 
operation to determine that the cold cathode is needed since the pressure is below its 
measurement capabilities.  The problem with this is that every time the gauge is power 
cycled, the Pirani filament 
ignites and sputters 
whatever materials have 
adsorbed on its surface into 
the immediate environment, 
namely the cold cathode 
gauge.  Therefore, once it 
starts to get dirty, there 
exists a negative cycle to 
make its operation continue 
to degrade.  Finally, even 
when it is working properly, 
the cold cathode gauge 
takes a few minutes to turn 
on when the pressure is 
below 5e-09torr as it 
 
Figure 4.17:  (a) Graph of pressure vs. time indicating erratic 
behavior of the FRG-700 gauge during a conditioning step in which 
cathode current was completely stable for 6 hours while anode 
voltage was turned off.  (b) Graph of partial pressures vs. time as 
measured by the RGA while the anode voltage was ramped to 
100kV.  As can be seen, the RGA started to completely misread 
pressures, giving negative and extremely low values before returning 
completely to normal when the voltage was dropped at around 1250s. 
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usually is in our chamber, meaning the Pirani gauge will be on during that time, heating 
up and again degassing all sorts of contaminants into the cold cathode gauge. 
 Due to the fact that the SRS RGA uses a hot cathode design to create the electrons 
necessary for particle ionization, it is not as affected by the sputtering of CNTs into the 
chamber.  Although due to its own sensitive operating characteristics also driven by the 
measurement of ionized gas particles, its performance will eventually suffer from large 
amounts of CNT degradation and sputtering as well.  And though an explanation of the 
operation of this device is outside the scope of this work, suffice it to say that after initial 
testing of our X-ray device, it was necessary for the RGA was sent back to SRS to be 
cleaned and repaired.  After the hiccups encountered in early testing and the consequent 
repair of the RGA, though, it proved to be essential to the diagnosis of problems 
encountered during final conditioning in the most recent assembly of our X-ray device 
which will be discussed at length in the next section. 
 In this most recent assembly, the FRG-700 gauge was replaced with an 8L/s 
VacIon pump and MicroVac controller, also from VarianTM.  This was due to the 
numerous problems faced when using the previous gauge, although many of these 
problems would have probably presented with the VacIon pump as well.  This is due to 
the fact that the operation of an ion pump can simply be considered a scaled up version of 
a cold cathode gauge as shown in Figure 4.18a.  The only difference is that the pump 
traps the ionized and neutral gas particles in sputtered material from the pump’s own 
cathode as shown in Figure 4.18b.  The pressure measurement is once again based upon a 
relationship between the known voltages in the pump and the ion current collected.  
Therefore, sputtered CNTs would be a problem with this gauge as well, although it could 
very well help the operation of the pump itself.  Due to the fact that this type of gauge 
had been reliable in our systems in the past, though, it was decided that we would change 
it anyway, especially since it provided the added bonus of another pumping mechanism 
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for our large chamber and a resulting lower baseline and operating pressure for the 
device. 
 The other tremendous problem with these three pressure measurement devices 
was that they are all wildly affected by X-rays.  This is once again due to the fact that 
they all work on the principle of the very precise measurement of the amount of ionized 
particles in the chamber.  And as was discussed in the first chapter and will be discussed 
further in the fifth chapter, the main point of using X-rays for therapy is that they ionize 
particles in matter.  Therefore, the presence of a high flux of X-rays within the sensitive 
areas of these measurement devices greatly distorts their readings and renders them 
completely useless.  This was not a large problem for the FRG-700 or the ion pump 
gauge because of the fact that they both require a rather large permanent magnet to 
encompass their active areas.  This magnet provides a rather large barrier in which almost 
 
Figure 4.18:  (a) Diagram detailing operation of an ion pump and a cold cathode pressure gauge.  The top 
electrode is the source of electrons, when in the absence of CNT deposition, are created through random 
fluctuations on the surface.  This why they can take so long to turn on at low pressures and temperatures.  
Once some electrons are released, the circle the magnetic field, trying to make their way toward the 
circular anode.  These circulating electrons collide with gas particles and ionize them, after which they 
travel toward either of the cathodes and are measured.  (b) After they collide with the cathode in the ion 
pump design, titanium from the cathode is sputtered out into the chamber and deposits on the chamber 
walls.  This sputtering of titanium allows for the chemisorptions or physisorption of a variety of particles 
in the local atmosphere, and causes the pumping action.  Both images were obtained from the VarianTM ion 
pump catalog (citation). 
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all of our orthovoltage X-rays will be attenuated.  But the RGA does not have such 
inherent shielding and therefore its readings go completely haywire once a certain X-ray 
energy and flux level are achieved, as shown in Figure 4.17b.  This leads us to the next 
large change to the periphery of the CNT MRT device, namely, the large increase in the 
amount of needed lead shielding. 
 As was mentioned in the third chapter, initially it was thought that simply 
surrounding the X-ray chamber with a 3’ high wall of 0.25” of lead and enclosing its 
stand and lab table in one of our old rooms that was rated for the use of diagnostic X-rays 
in the range of 30-50kVp would be sufficient to shield the user from the X-rays it created.  
This estimate failed to take into account the scattering of X-rays off the ceiling of the 
room, though.  During early operation it was measured using a Geiger-Muller Counter 
that although radiation was not penetrating directly to the user area through the shielding, 
radiation in the room increased as a function of height in the operator area as shown in 
Figure 4.19a.  Due to this fact, many interim measures were taken to protect the operator 
for months before dedicated shielding was remade for this device. 
At first, remote operation of the MRT device was made possible in which the 
operator simply sat in another room for the entirety of operation.  Next, a makeshift 
0.125” lead roof was placed over the chamber that cut out most of the X-rays scattering 
off the ceiling.  And although many more iterations of shielding were tried in an effort to 
cut costs, by the time of the most current assembly, the X-ray chamber had been moved 
into a room with its own 0.25” of shielding in addition to the 0.25” around the chamber.  
In addition, a new customized 0.25” lead roof as shown in Figure 4.19b was fabricated to 
be placed on top of the original lead walls.  This roof had holes for the high voltage 
feedthrough and the RGA, which had since been placed far above the rest of the chamber 
for just that purpose.  After this placement of the RGA so far from the anode and outside 
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of the shielding, the problems seen 
earlier due to X-ray interference were 
never encountered again. 
Of course, with such heavy 
shielding came the problem of moving 
it when chamber maintenance was 
needed or when setting up 
experiments.  Therefore holes were 
placed in the shielding, as exemplified 
in Figure 4.19c, to allow for a long 
translation stage that was to hold and 
position various dosimetry phantoms 
and mice.  This stage was also for the 
transportation of mice outside the 
shielding to a dedicated micro-CT 
device that had been set up for imaging 
and targeting as will be discussed 
briefly in the last chapter.  In addition, 
panels of lead from the walls of the 
shielding box were often removed and 
then laid freely against the resulting 
shielding gap to allow for easy access 
to the area directly beneath the 
chamber during times of frequent 
maintenance and testing and as shown 
in Figure 4.20a and Figure 4.20b. 
 
Figure 4.19:  (a) Diagram showing the layout of the 
MRT room and how the initial two layers of enclosure 
allow scatter from the roof to directly affect exposure in 
the user area.  (b) Wooden roof with lead backing that 
prevents the problem in the top pane and shields the 
RGA from X-ray effects.  (c) Hole in the shielding to 
allow the mouse stage to exit the MRT shielding to 
allow for imaging by the adjoined micro-CT device 
which is not shown here. 
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Perhaps the most important sheet of lead that was added to the device, though, 
was also the smallest.  In the original design of the microbeam collimator, only the 
primary X-rays escaping the window were collimated.  Conversely, the larger extent of 
the X-ray beam that would emanate from the anode in a pattern as shown in Figure 
4.21a,105 would most certainly penetrate the walls of the chamber and irradiate whatever 
was not shielded by the relatively small geometric shadow of the collimator.  Therefore, 
an external lead window had to be created that would shield the sample, phantom, or 
mouse from this leakage radiation.  The original form of this leakage shielding was 
simply a lead table placed beneath the microbeam collimator alignment assembly with a 
slot in it that was roughly the size of the X-ray window, but this placement was non-ideal.  
This is because it was well known that the microbeam collimator should be placed as 
 
Figure 4.20:  (a) Photograph of the side of the leaded enclosure in which one lead panel has been removed 
from the tongue and groove structure and simply leaned onto the rest of the box for easy access.  (b) 
Photograph showing the view of the X-ray chamber and accessories as seen from the hole in the shielding 
created by the removal of the panel in the left pane.  Notable accessories that typically have to be accessed 
are the long black translation stage near the middle of the picture and the heat lamp used during mouse 
studies. 
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close to the mouse as possible to prevent unnecessary spreading of the microbeam width 
due to our divergent source. 
Therefore, the collimator assembly was redesigned as shown in Figure 4.21b to 
incorporate this lead shield upstream from the microbeam collimator and directly after 
the window instead.  This would allow for the microbeam collimator to be as close to the 
mouse as possible, and in the end, actually ended up making the whole collimator 
assembly more compact without the makeshift structure to hold up the lead shield.  This 
brought the mouse about 0.25” closer to the X-ray source, and therefore, made for a small 
increase in dose rate as well.  Another edit accomplished in this revision, which expanded 
the length of the window in the leakage shielding, also allowed for the simultaneous 
placement of two mice in the microbeam path so as to increase experimental throughput. 
The final accessories added to the X-ray chamber were to combat the problem of 
long-term heating of the device as a result of continuous usage.  This problem was 
completely overlooked in the initial design because of the complete repurposing of the 
MRT device as discussed in the conclusion of chapter three.  All initial heating 
simulations were done to determine whether the anode, gate, and cathodes could 
withstand the large bursts of current and power that would be necessary to create high 
 
Figure 4.21:  (a) Diagram illustrating the shape of the swath of radiation emanating from the anode as 
seen from a cross section of the device.  Note that only a small portion is directed towards the window, 
and that the remainder must be shielded by leakage protection.  (b) SolidworksTM assembly showing the 
new collimator alignment assembly design with the leakage shielding added right below the window as 
highlighted in blue.  Note that the mouse bed will be completely protected while underneath the chamber 
with this shielding. 
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dose rate pulses at sparse intervals, but no thought was given to how the aggregate heat 
that such pulses would generate would eventually escape the anode assembly.  This heat 
would be the same regardless of whether it was given all at once or over long periods of 
time, and thus would have to be eliminated from the internal components of the chamber 
in some way or another. 
The first thing that was done to monitor this problem was to affix a thermocouple 
to the top surface of the high voltage feedthrough as shown in Figure 4.22a.  This 
makeshift measurement apparatus, although giving an idea of the amount of excessive 
heat trying to escape through the feedthrough from inside the chamber, really gave no 
solid indicator as to how close we were at any given point in time to destroying some of 
the heat sensitive components in the chamber.  Most components could handle a 
temperature of up to 250° to 300°C as exemplified by the temperatures withstood during 
bake out and as will be discussed in the next section.  However, the rubber plug on the 
high voltage R28 cable is not rated to withstand over 110°C.  Unfortunately, though, this 
component lies where most of the conduction-based heat loss of the anode would take 
place, as shown in Figure 4.22c.  This is due to the fact that the feedthrough is necessarily 
the only hard connection to the outside of the chamber for the anode, and is therefore the 
reason behind the placement of the initial thermocouple. 
Thankfully, though, it was shown via rough calculation that the main mode of 
heat loss as the anode becomes very hot is radiative and not conductive.  The calculation 
is really quite straightforward and assumes radiative heat loss according to the Stefan-
Boltzmann Law.  The result shows that for an input power of 500W, and assuming an 
emissivity for the tungsten surface of 0.15 at 1000°C and for the molybdenum surfaces of 
0.18 at 1100°C that the temperature of the anode should only reach around 1000°C, or 
conversely, that when the anode reaches this temperature, that it is capable of radiating 
500W away.106  This method, however, does not take into account any power radiated 
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back towards the anode by all the surfaces inside the chamber.  Such influences could 
play a significant role since the chamber has been measured by the thermocouple 
described above to reach up to 60°C as measured on the upper surface of the feedthrough, 
which isn’t anywhere near the anode itself. 
Therefore, a rather crude but effective test was done during a day of conditioning 
when the tube was run for 70mins at 400W, turned off for roughly an hour, and then run 
again for 70mins at 450W.  Shortly thereafter, the device was hurriedly powered down, 
the shielding removed, and the R28 plug pulled out of the feedthrough to measure its 
 
Figure 4.22:  (a) Photograph of the initial temperature readout device and thermocouple that was placed 
just above the high voltage feedthrough and insulated from the outside environment with foil.  (b) 
Photograph showing the spring connector that provides electrical contact between the tip of the plug and 
the base of the feedthrough which is the only metallic thermal connection between the two as well.  (c) 
SolidworksTM diagram illustrating the direction of heat flow up through the anode assembly and to the 
chamber exterior through the ceramic portion of the feedthrough and the R28 plug.  Note that the only 
thermally conductive path is through the ceramic cone and out through the steel flange of the feedthrough. 
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temperature.  By the time this measurement was taken, about fifteen minutes had passed.  
The plug was too cool to get an immediate temperature reading from the thermocouple 
being used for this measurement, so we thought it safe to touch and found that it was 
warm but not hot.  The tip, on the other hand, was hot, but no more than around 40°C.  
Finally, when placing the thermocouple into the feedthrough, we measured the connector 
at the bottom to be 100°C. 
This would be of large concern except for the fact that there is only a small 
thermal connection between the bottom of the feedthrough and the tip of the plug itself, 
as shown in Figure 4.22b.  The majority of the heat lost through conduction, therefore, 
should be channeled up and around the plug by the conical ceramic part of the 
feedthrough assembly, during which an unknown amount of heat would be absorbed by 
the rubber plug wedged inside the ceramic piece.  Therefore, although these qualitative 
measurements were all contaminated greatly by the delay between heat deposition and 
measurement time in addition to the brief exposure of the rubber plug to air before 
measurement, they provided us with a good estimate as to what running power should be 
achievable without risking damage to the plug.  And so, based on these measurements it 
was decided that the device should not be run above 400W continuous power for more 
than a couple of hours. 
Regardless of the positive results of this test, the exact upper heat limit that the 
tube could reach without melting the rubber high voltage plug was still unknown.  Such 
melting would be disastrous and cause catastrophic breakdown of the ceramics and 
extremely violent high voltage arcing.  Therefore, further measures were taken in later 
assemblies to guard against this possibility.  The first of these measures was to place a 
thermocouple inside the chamber itself, as shown in Figure 4.23b, to continuously 
monitor the effects of the radiated heat on the inner surfaces of the chamber.  This 
thermocouple was placed a safe distance away from the anode and recessed in a vacuum 
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tee connector, as shown in Figure 4.23a, so its sensitive tip would not create an arcing 
point to the anode.  Although this thermocouple would not provide an actual temperature 
of the anode itself, it would at least provide a good measure of the inner temperature of 
the chamber, and would also prove extremely useful during bake out.  Moreover, the 
temperature of the anode was not considered a strictly necessary measurement at the 
time, due to the fact that it was the temperature of the rubber plug that was a limiting 
factor in device operation. 
As a side note, though, regardless of the experimental relevance of the anode 
temperature to device operation, in future designs it may be of use to have an infrared 
(IR) transmitting viewport that provides a direct line of sight to the anode.  This way an 
IR probe could be used from outside the vacuum chamber to measure the temperature of 
the anode directly.  Using this measurement as an initial condition, direct simulation of 
the conductive heat transfer up through the high voltage feedthrough could be 
accomplished and a stronger estimate of the rubber temperature could be obtained at 
various operating conditions.  In addition, a direct measurement of anode temperature 
 
Figure 4.23:  (a) SolidworksTM diagram showing the position of the thermocouple tip relative to the anode 
and the thermocouple feedthrough.  (b) Photograph showing the view of the thermocouple tip as would be 
seen from the anode.  (c) Photograph showing the copper tubing wound around the nipple that encloses the 
high voltage feedthrough. 
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could help to diagnose other heat related problems that have cropped up during testing of 
the first generation device. 
The second measure taken to address heating of the chamber during continuous 
usage was to wrap the large nipple that enclosed the high voltage feedthrough in copper 
tubing and constantly run chilled water around it during operation.  This tubing, as shown 
in Figure 4.23c, was attached to an electronically controllable valve that can be shut on 
and off from outside the enclosure.  In addition, a large fan was placed inside the 
 
Figure 4.24:  (a) Two hour partial pressure scan without the cooling fan and water pump running.  Notice 
how the base hydrogen and nitrogen levels encroach well into the 1e-08torr range.  (b) Similar scan with 
the cooling system running.  Notice how the base levels of hydrogen and nitrogen do not even cross the 
1e-08torr threshold, even without giving the device a cool down break. 
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enclosure, aimed at the feedthrough, and routinely turned on before operation.  This fan 
not only served to keep the chilled water as cool as possible, but also kept the air 
circulating and venting within the otherwise stagnant atmosphere enclosed in the lead 
shielding box around the chamber.  Since simulation showed that the majority of the 
cooling would be accomplished through radiative heat transfer, it was initially thought 
that this fan and the heating coils would be comparatively useless, but they actually 
turned out to make quite a difference to internal chamber temperature. 
There is very little data on this point due to the fact that the fan and cooling coils 
were always kept on after initially put in place, and very little comparison could be made 
to previous assemblies due to the fact that every assembly was run differently.  But, in 
one particular instance, when the fan and coils were accidentally left off prior to a rather 
long irradiation, the temperature reached after two hours of irradiation was roughly 10°C 
higher than that reached in prior irradiations and the corresponding pressure seen in the 
chamber rose much faster as can be seen in Figure 4.24a and Figure 4.24b.  This only 
goes to support the statements made earlier that the temperature of the chamber walls 
could play a large part in modulating the temperature of the anode.  It also shows that 
although the only conduction pathway to the outside of the chamber is through the 
conical ceramic feedthrough, this could very well be a stronger connection than 
previously thought, and keeping the enclosing steel cool could play a large part in 
allowing the heat trapped in the anode to sink out of the chamber. 
This last point would later be corroborated by observations gathered during the 
formulation and perfection of the new conditioning procedures necessary for the 
preparation of the chamber to run at the levels of continuous power described above.  
Due to the fact that the development of these procedures played a huge role in leading to 
the current level of stability in device operation, they will be extensively detailed and 
discussed at length in the next section, along with the reasoning behind them. 
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4.3  Modified High Vacuum Conditioning and Operating Procedures 
 
As was discussed during the final section of chapter three, before the device can 
run at all there is always a considerable amount of preparation to be done in the form of 
high vacuum conditioning.  Due to the fact that any new power level will inevitably result 
in an increased heat load and thus degassing of the various components of the system as a 
whole, each time a new mode of operation for the device was commissioned a new 
conditioning step had to precede it.  Therefore, when it was decided that the main mode 
of operation of the device should be to keep pulse widths and current small while raising 
the duty cycle as high as we could without melting the rubber R28 plug, the initial 
conditioning and operational protocols all had to be edited. 
 The process behind making these edits was long and arduous, and much of the 
problems which accompanied this process have already been touched upon in the first 
section of this chapter.  Therefore a detailed chronicle of how each conditioning step was 
decided upon through trial and error will be omitted in favor of a simply describing the 
final and most recent conditioning process and all the changes in operational procedure 
that arose out of things learned during each conditioning step.   
  
4.3.1  Extended Bake Out Procedures 
 
The first step in this new process was an extended bake out period in which 
special care was given to the pressure measuring components of the device.  The standard 
bake out procedure for vacuum systems is to ensure that all the gases that are adsorbed 
onto the surfaces within the chamber are cooked off before conditioning begins.  The 
primary molecule that is released from the surfaces and pumped from the system during 
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this process is water.  This is due to the fact that water accumulates in small amounts on 
every surface exposed to the atmosphere during assembly in varying amounts depending 
on the humidity of the assembly room. 
The bake out procedure consists of first wrapping the tube in its entirety with 
heating tape and then covered in aluminum foil for proper heat buildup, as seen in the 
periphery of Figure 4.25.  For this process, the electronics control unit (ECU) of the RGA 
must be removed, along with the collimator alignment system and the R28 HV plug due 
to the heat sensitive components of these systems.  The magnet on the ion pump may also 
be removed in order to bake out the innards of the ion pump itself, but it may be more 
desirable to simply not wrap that small section so as to have an accurate pressure reading 
during bake out, as shown in Figure 4.25.  In addition, it may also be desirable to not 
have heating tape run directly over the 
window of the chamber by placing 
aluminum shims between the window 
and the tape, although if it cannot be 
helped to have some tape directly over 
the window, that was found to be OK.  
During bake out itself, it is extremely 
helpful to have the thermocouple 
inside the chamber on, so that the 
internal temperature of the chamber 
may be measured and set to no more 
than 250°C.  Finally, extra tape may be 
useful to place over any bellows that 
may be attached to the tube, due to their increased surface area and thus propensity to 
adsorb gases. 
 
Figure 4.25:  Photograph showing the ion pump 
assembly with magnet attached to allow for pressure 
monitoring during bake out.  Neither heating tape nor 
aluminum foil should be placed around the magnet 
assembly, but if desired, the magnet can be removed to 
bake out the internal structure of the pump. 
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Originally, the bake out time was only run over a weekend so as to not lose a 
significant amount of work time on the chamber, but I found it best to use an extended 
bake out procedure.  This was due to the fact that the RGA cannot be turned on during or 
before operation due to the fact that the manual specifies that it should not be run at 
pressures near the pre-bake out level.  But, when the RGA is powered on for the first time 
after being exposed to the atmosphere, its filament releases adsorbed gases which re-
adsorb onto the walls of the long cylindrical vacuum tube that runs up to the RGA.  
Therefore, an extension of the bake out in which the bake is paused and allowed to cool 
when the pressure drops below about 1e-05torr is warranted.  During this pause, the ECU 
can be temporarily attached to the RGA and the filament degassed so that these gases 
may be baked off of the internal surfaces of the chamber during the rest of the bake out.  
If these steps are followed, achieving a base pressure of under 1e-09torr should be 
completely possible with all three pumps running. 
 
4.3.2  DC Gate Mesh Conditioning 
 
After the chamber is uncovered from the baking procedure, the first phase of 
conditioning can begin, namely DC gate mesh conditioning.  The purpose of this step is 
expose the gate mesh to a constant high power so that it may gradually heat up and 
release the large amounts of adsorbed gas that it can hold due to its complex surface area.  
This is an essential step because any local increase in pressure near the gate mesh raises 
the probability of arcing to the cathodes, which causes direct destruction of the CNT 
coated surface and thus immediate and large cathode degradation.  Therefore, this step 
must be conducted with extreme caution, and at the beginning of testing not only to 
protect the cathodes later, but also so that this step is done when the cathodes are the 
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freshest and require the least amount of voltage to produce a high current on the gate.  In 
this way the potential for gate-cathode arcing is kept low. 
For this conditioning step, a total max direct current of 13.5mA from all cathodes 
is delivered to the gate so as to produce a constant power of between 1 and 1.5W per 
emitter on the gate mesh depending on the voltage needed to achieve this current.  This 
max current is gradually achieved over many hours through ramping of the cathode 
voltage by custom LabViewTM software developed at XinRay.  The pressure during this 
step should not be allowed to reach more than 1e-07torr and thus the ramp rate of the 
cathode voltage should be set at no more than 1V/20s and should be continuously 
adjusted by the user and the software to keep the pressure below the set limit.  Because of 
the large amount of gas that can be adsorbed onto the gate mesh surfaces and the extreme 
care with which this step must be done, this step can take up to two days to complete.  In 
addition, after the max current is reached, the gate should be allowed to continue to degas 
until the pressure drops into the mid 1e-08torr range. 
During this and all other DC conditioning steps, the cathodes are all connected to 
the driving voltage each through their own 1MΩ resistor.  Therefore, the power supply 
used for this step should be able to at least provide up to 5kV at the max current level 
because the large resistances will drive down the gate-cathode voltage due to electrical 
potential lost across them.  The reason for this large resistance is two-fold.  The first line 
of reasoning is that this will keep the current emitted from each cathode relatively 
uniform.  This is because the shape of the IV curve with resistances in this range begins 
to approximate linear with an intercept that is defined only by the turn-on voltages of the 
cathode as can be seen in Figure 4.26a.  Based on this fact, the only offset between the 
currents should be the slope of this line multiplied by the offset in turn-on voltage.  
Provided this offset is low, the current from each cathode stays fairly uniform as seen in 
Figure 4.26b.  Even though the current will have been fairly uniform across all cathodes 
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during this step, each cathode should still be measured separately after the max total 
current has been achieved.  This is in order to have a record of the relative cathode 
strengths and turn on voltages so that this information can be used in later conditioning 
steps. 
The second reason for 
putting large resistances on 
each cathode during this step 
is to protect the cathodes 
from arcing while the local 
pressure around them 
increases.  The reason why 
should work is attributable to 
the fact that an arc is actually 
a dynamic process, involving 
small treed discharge paths 
that eventually connect to 
form a violent arc that 
transports charged particles 
back and forth along a 
common ionized channel.107  
If there is a large resistance 
to this charge flow, though, 
arcs can be thought to be 
squelched before they 
become violent, prohibiting 
such violent arcing in favor 
 
Figure 4.26:  (a) Linear behavior of IV curves when current is 
plotted against applied voltage instead of cathode-gate voltage and 
heavy resistance is used.  Note that the difference in current at any 
given voltage (illustrated by the vertical arrow) is mainly 
determined by the difference in turn-on voltage (illustrated by the 
horizontal arrow) because the slopes are almost identical.  (b) 
Current for cathodes one through five, respectively, at the end of 
DC conditioning.  Note that the currents are fairly uniform under 
the high resistance. 
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of slow discharge.  Conceptually, this can be thought of in two separate ways, both of 
which are quite relevant to arcing within a vacuum chamber.  The first is reminiscent of 
the way in which the cathodes themselves operate. 
If you’ll remember, the charge carriers within the cathodes are thought to be in a 
potential square well, as shown again in Figure 4.27a, as the basis of the Fowler-
Nordheim equation, outside which is the superposition of the typical Coulombic potential 
of a charged particle escaping from a well in free space and electrostatic potential of the 
system.  When there is resistance involved, though, the electric field strength is weakened 
by the decrease of the electrostatic potential of the system once charge starts to rapidly 
flow from the well.  This effectively decreases the magnitude of the slope of the potential 
barrier to charge flow as shown in Figure 4.27a, and in doing so, increases the ‘distance’ 
that the charged particles have to tunnel through and essentially stops the flow of charge 
beyond a certain rate. 
This first conceptualization, though, does not take the dynamic nature of the 
system into account.  For that, we need the second conceptualization, which is based 
 
Figure 4.27:  (a) Diagram showing how increasing resistance increases the distance that the charge 
carriers must tunnel through in order to escape the metal of the electrode by decreasing the magnitude of 
the electric field between components once charge starts to flow.  (b) Diagram showing how an arc can be 
thought of as a simple LC circuit in which adding resistance will dampen the violently oscillating electric 
discharge. 
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upon a simple LC circuit.  If you consider the two conductors between which an arc is 
occurring to be a simple circuit with both an inherent inductance and capacitance as 
shown in Figure 4.27b, it is well known that once charge is allowed to flow between the 
plates of the ‘capacitor’ that the charge in the system will oscillate back and forth until 
dissipative forces in the system slow it down, much as occurs when an arc discharge path 
is established.108  Therefore, putting a large amount of resistance in the system can simply 
be thought of as overdamping this oscillatory system, resulting in a discharge that is on a 
much slower time scale, and thus, less violent and thermally damaging to the components 
involved.  Based on these lines of reasoning, efforts should also be made to keep the 
resistance on the cathodes as high as possible during routine operation as well, so as to 
cut down on unnecessary degradation. 
In addition to proper resistive loading, proper grounding is also essential during 
all conditioning steps and operation.  For instance, during this conditioning step and 
every other conditioning step that does not require the operation of the focusing 
electrodes, they should be grounded through large resistances.  This way, although they 
are kept at zero potential, if current does start to flow towards them, the path is impeded 
as stated above to prevent violent arcing.  All electrical components that are connected to 
the chamber, though, should all have their casing grounded directly to the optical table, as 
shown in Figure 4.28a, so as to prevent ground loops and device instability in case 
violent arcing does occur within the chamber and current spikes occur within the 
controlling devices. 
Finally, during this step, and all other conditioning steps in which current is not 
driven towards the anode, the anode is to be set to a constant negative voltage of around 
2.5kV and also through a large resistance.  This was initially thought to be due to the 
need to keep the electrons being emitted from the gate from going to the anode at this 
early stage in conditioning when the anode has not been degassed.  But, it was found later 
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in conditioning to also have a profound effect on the stability of cathode current as well, 
as shown in Figure 4.28b.  It was posited that this was because the anode is acting as a 
positive ion sink and thus preventing gas ionizations resulting from the large electron flux 
between the gate and cathode from bombarding the cathode and thus disturbing the 
current measurement.  No further measurements were made to determine the exact cause 
of this stabilizing technique 
except to verify that it indeed 
worked quite well to stabilize 
the current during the next 
step, and if the negative 
anode voltage dropped below 
about 2kV instability quickly 
reappeared. 
As a last small point 
to be made before moving 
onto the next conditioning 
step, it is very important 
during this and the DC anode 
conditioning step that will 
follow later that the cathode 
current be slowly shut down 
at the end of the step.  This is 
due to the fact that during 
DC operation, a large back 
EMF will be created if the 
current is shut off too 
 
Figure 4.28:  (a) Photograph showing proper grounding technique 
for all electronic components used to run the device.  (b) Graph 
displaying cathode current and pressure during current ramping 
before and after anode was put on negative voltage.  Notice how the 
pressure drops almost instantly at 6000s with the addition of a 
negative anode voltage, and how this makes this step quite a bit 
simpler. 
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abruptly.  This back EMF can cause arcing between the cathode and the gate and 
subsequently cause premature degradation of the CNT surface.  Therefore it is especially 
important during this first conditioning step that the current be ramped down gradually by 
decreasing the cathode voltage at around 100V/s.  This method is not quite as important 
during DC anode conditioning, because less of the current will be to the gate, but due to 
the ever-present desire to cut down as much arcing as possible, the current should 
probably be dropped slowly during that step as well. 
 
4.3.3  Ramping the Cathode Current 
 
The next conditioning step is current ramping, in which all cathodes are ramped to 
the maximum current they will should ever see during operation.  This is done at such an 
early stage in conditioning simply to make sure that the cathodes work properly and that 
there was no shorting error during the assembly focusing structures, gate frame, and 
cathodes which would require disassembly and reassembly of the device.  In this step, all 
cathodes are connected at once to the same power supply used for DC gate mesh 
conditioning, except for that they are now connected through the resistor box used for 
actual operation so that they may each be ramped up to around 30mA of emission 
current. 
This resistor box, although originally having 12.5kΩ base resistors and 15kΩ 
potentiometers, was changed during the most recent conditioning to have 25kΩ base 
resistors and 50kΩ potentiometers, all with current and power limits that would allow for 
up to 30mA emission current per cathode.   This was due to the reasoning listed above 
about keeping the base resistance on each cathode as high as possible and because the 
early 15kΩ potentiometers proved time and time again to not be able to provide enough 
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resistance variability to counteract the variability in initial emission strengths of the 
cathodes.  These new resistors are shown in the back of the resistor box in Figure 4.29a. 
The potentiometers in the 
resistor box are set in such a way to 
produce the most uniform current 
across all five cathodes based on a 
determination of which cathode is 
the strongest and by what amount.  
This is done by examining IV 
curves taken after DC gate mesh 
conditioning and making an 
educated guess because there is no 
way to quantitatively know the 
correct resistance values to choose 
without having already ramped the 
cathodes up to the desired current.  
If desired, it is possible to do this 
step one cathode at a time and 
ensure that the cathodes each reach 
exactly 30mA.  But because this 
step is mostly done as a failsafe and 
simply to expose the cathodes to a 
current far beyond the current they 
will be required to produce during 
operation, it is OK if not all of 
 
Figure 4.29:  (a) Photograph showing the new larger 
resistors and potentiometers placed in the resistor box.  (b) 
Image from the oscilloscope showing the pulse shape with 
the capacitance spike near the beginning of the pulse circled 
in red.  (c) Graph showing the negligible increase of 
pressure with cathode current when this step is done 
correctly. 
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them reach exactly 30mA.  Therefore it is also alright if they are all simply ramped 
together to save time. 
Also because this will be the first time the cathodes have seen a large amount of 
current, the duty cycle and pulse width should be kept as low as possible.  Typically this 
corresponds to a 1% duty cycle at a pulse width of around 500μs since that is close to the 
shortest width at which the oscilloscope shows a fairly uniform pulse shape at this 
resistance level, as shown in Figure 4.29b.  The peak near the beginning widens with 
resistance and is due to the inherent capacitance in the system.  As with the previous step, 
all new electrical components needed for this step should be well grounded to the table, 
the focusing electrodes should be grounded to the table through large resistors, and the 
anode should be kept on a voltage of -2.5kV. 
After all this is done, the cathodes should be ramped at a rate of 1V/20s to 
whatever voltage it takes to produce a total of 150mA to the gate mesh at the specified 
pulse width and duty cycle.  If this step is done correctly with the anode on negative 
voltage, it should only require around a day to complete while keeping a pressure limit of 
1e-07torr, with nowhere near as much degassing as was present in the DC mesh step, as 
can be seen in Figure 4.29c.  After the 150mA is reached, ramping can be immediately 
ceased, and IV curves should be taken again for each individual cathode to record what 
exact current was reached for each one. 
 
4.3.4  DC Anode Conditioning 
 
The next step of conditioning is to run the device at full power, but at a low 
voltage at which the risk of anode arcing and subsequent chamber damage is substantially 
lower.  In order to achieve this power, the device is once again run in DC mode, but this 
time the current will be allowed to pass through the gate to the anode.  Therefore, the 
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cathodes are connected to their driving voltage through the large 1MΩ resistors as before, 
but this time the anode is connected to the normal anode power supply rather than the 
negative one.  Because the anode will be absorbing a large amount of heat during this 
step, and will be run for a long stretch of time, the R28 plug is not inserted into the 
feedthrough so that it will not melt during the process.  Instead, a long steel rod with a 
surrounding ceramic cylinder as shown in Figure 4.30a is used to connect the tip of the 
R28 plug to the base of the feedthrough as shown in Figure 4.30b. 
The cable from the steel rod and the R28 plug should be supported in air by a lab 
stand or structure that is well insulated from the metal surface of the optical table with 
Styrofoam, cardboard, or wood and given plenty of clearance in space so they will not arc 
to any grounded structure on the outside of the chamber, as shown in Figure 4.30c.  In 
addition, in order to help dissipate the heat being conducted out of the system by the rod 
connector, both the cooling coils and the fan should be left on during the entirety of this 
step.  Also, it is extremely important that a safety interlock for the anode power supply is 
 
Figure 4.30:  (a) Photograph showing steel rod and surrounding ceramic cylinder along with insulating 
plastic and cable.  (b) Photograph showing assembly connected to and protruding from the HV 
feedthrough with the cable attaching to the R28 plug in the background.  (c) Photograph illustrating how 
the HV cable should be supported in air with a stand that is well-insulated from the lab table. 
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hooked up to the door of the enclosure so that no one walks in and is shocked by the large 
free-air voltage present in the room.  Finally, the focusing electrodes are to be grounded 
through large resistors in this step as well. 
Once setup is complete, the process for accomplishing this step can take up to 
three days because of the fact that the anode up until this point has seen no current and 
has thus only reached the max temperature achieved during bake out.  This conditioning 
step is actually a two part process.  The first part entails setting the anode to 10kV and 
gradually ramping the cathode current up to the 13.5mA that was attained during DC 
mesh conditioning at a ramp rate of around 1V/60s.  During this process, quite a few 
distinguishable gases should be liberated from the anode surface as seen in Figure 4.31a, 
especially if the anode was cleaned with acetone or another organic solvent before 
conditioning.  Due to the fact that this step can take quite a long time because of the 
heavy degassing, it may be preferable for this and the next step to relax the max pressure 
to 2e-07torr. 
Once the full current is reached at 10kV anode voltage, the next part of this step is 
to ramp the anode voltage up to 40kV at a rate of about 0.1kV/90s while keeping the full 
DC current on the anode.  This part can take up to two days by itself due to the increased 
outgassing of the anode at the even higher temperatures it will reach, also as seen in 
Figure 4.31a.  Because of this, it may be preferable to use an even lower ramp rate or to 
simply give the device ‘overnight rests’ when the inner chamber temperature climbs 
above 100°C, the pressure stays too high for too long, or the cathodes start to degrade 
rapidly.  This full step is considered complete when the full 40kV is reached at a cathode 
current of 13.5mA and the pressure drops into the mid 1e-08torr range.  This corresponds 
roughly to a power of 350W on the anode given the transmission rate, measured during 
this step to be around 67%. 
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Once the full power has been reached and the pressure has significantly dropped, 
IV curves at this new point should be taken.  By this point in conditioning, the cathodes 
should have degraded by a couple hundred volts and should be starting to stabilize in 
their degradation rate.  Before this point, because they had never been used, it is not 
uncommon to see sudden drops in current that correspond to large ‘hot spots’ of emitting 
CNTs on the cathode surface being burned off.  This is a necessary part of conditioning 
 
Figure 4.31:  (a) Partial pressure scan during the two steps of DC anode conditioning.  Note that a large 
and varied amount of gas is liberated from the anode during the entirety of the process.  Also note the 
spiking at the end due to the automated conditioning program lowering the voltage when the pressure gets 
too high.  (b) Transmission rate measurement taken after DC anode conditioning at a constant anode 
voltage of 40kV and a constant cathode current of 13.6mA.  Note the considerable increase during on-time 
and presumably with temperature. 
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because it eliminates some of the stochastic nature of the deposition and adhesion process 
to create a more uniform cathode surface for better field emission. 
Therefore, this point in conditioning was determined to be a good time to measure 
the individual transmission rates of each cathode in addition to the overall transmission 
rate quoted earlier.  For the most current assembly, these rates were as shown in Table 
4.1 when measured cold.  It was noted during this step in the last conditioning of the 
chamber, though, that the average transmission rate increased as temperature rose at a 
constant anode voltage of 40kV, as seen in Figure 4.31b.  This point was never explored 
in any detail, but it is possible that expansion of the cathodes under heating would close 
the cathode-gate gap distance by a small amount and thus increase the transmission rate. 
In addition, although it is known that the transmission rate changes with anode 
voltage, we currently have no way to measure the transmission rate at higher voltages 
than the 40kV ramped to during this step.  This is because the current sampling rate of the 
anode power supply is far slower than the frequency at which we operate the cathodes.  
Therefore, the only way to measure the current would be to construct our own custom 
current probe that is capable of measuring the current through the very large R28 cable.  
This was considered far beyond the scope of the project, and thus transmission rates 
measured at 40kV were deemed to be sufficient. 
 
4.3.5  Pulsed Gate Mesh Conditioning 
 
The next step of conditioning was initially thought of as a continuation of the DC 
mesh conditioning during which each cathode be ramped up to a much higher current 
than we currently use, but because of the repurposing of the tube, this step was relegated 
to being used primarily to make sure that the gate would safely be able to handle an 
anode shutdown during operation.  Namely, the procedure for pulsed mesh conditioning 
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that follows is purely done as a failsafe.  In this procedure, the anode is reconnected to 
the negative power supply and all current is once again directed towards the gate mesh.  
Before the step can begin, though, a very important preparation must be made that will 
also be used throughout the operation of the MRT device. 
For this procedure, each cathode is run at 15mA, a 15% duty cycle, and the same 
pulse width as was used in current ramping.  In order to achieve this, though, the 
potentiometers in the resistor box must be adjusted so that each cathode will produce 
15mA at the same applied voltage.  This should be done by starting with setting the 
weakest cathode to the smallest possible resistance, namely 25kohms.  Next, an IV curve 
should be taken with just this cathode to determine the necessary voltage to produce the 
15mA at only 1% duty cycle.  Finally, all other cathodes should have their potentiometers 
increased so that they only produce 15mA at the determined voltage.  The reason this 
procedure is so important is because it should be done quite often throughout the lifetime 
of the device to keep the cathodes producing uniform current across the segments of the 
focal line. 
 
Figure 4.32:  Partial pressure scan of hydrogen during pulsed mesh conditioning.  As can be seen here, if 
DC mesh was done correctly, this step should go quite smoothly. 
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Once this is done, the process itself for this step is quite simple due to the fact that 
the mesh has already been conditioned to well over this amount of time averaged current, 
with the only difference now being the fact that the power will be higher because of the 
increased cathode-gate voltage necessary to deliver the increased in-pulse current.  As 
can be seen from Figure 4.32, the partial pressure of hydrogen in this step should not 
break 1e-08torr if all the prior work has been done correctly.  Regardless, though, it is 
probably best to keep a ramp rate of 1V/20s for this step, due to the fact that the cathodes 
have never seen a duty cycle this high before. 
It may be noted here that there is a conspicuous lack of a conditioning step that 
ramps the pulse width or the duty cycle.  The reason for the first of these absences is due 
to the fact that the full-scale operation of the device was never realized as indicated at the 
end of chapter three.  Therefore, there has been no need to ramp the pulse width slowly 
up to a value that would be considerably larger than the initial 500ms pulse width used 
here, because instantaneous heating of the anode and gate mesh are simply not an issue 
given the continuous, low current mode of operation that is being approached with this 
conditioning procedure.  The second absence is simply due to the fact that the duty cycle 
can be set high while at a low cathode current and then the strain on the cathodes and gate 
can be increased incrementally by ramping the current rather than the duty cycle, as is 
done here and again during pulsed anode conditioning.  This is due to the fact that both 
the gate mesh and anode have already seen a DC current, and thus starting at any duty 
cycle while at low current would be sufficient to begin these steps. 
It can also be noticed here that none of these steps, or the ones to follow, involve 
conditioning using one emitter at a time.  There are three reasons for this.  The first is due 
to the side-by-side cathode degradation encountered during the first few assemblies of the 
device as described during the first section of this chapter.  Because this unnecessary 
cathode degradation was extremely detrimental to the overall lifetime of the device, all 
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efforts were taken to make sure it would never happen again and that all cathodes were 
used simultaneously whenever possible so as to get the most use out of them while they 
were fresh.  The second reason was because aligning the focal lines of multiple emitters 
simultaneously was always a major goal of the project, and thus, they should all be 
operated as a whole to give the entire length of focal line whenever possible, contrary to 
how the tube was used during the months before the side-by-side cathode degradation 
was discovered.  Finally, conditioning all cathodes at once simply saves an enormous 
amount of time during the otherwise extremely lengthy conditioning process, and 
therefore is the preferred protocol to be followed.  
 
4.3.6  Preparing the Chamber for High Voltage 
 
The next step of conditioning is the readying of the chamber for high voltage 
operation.  Before this is done, a few preparations need to be made.  First, the high 
voltage plug must be inserted into the feedthrough and bolted in, using silicone paste as a 
sealant.  Next, any and all shielding that has been removed from around the chamber 
during early conditioning to allow for open air voltages must be replaced due to the dark 
current that the anode pulls off the inner surfaces of the chamber to create stray X-rays.  
Finally, the focusing electrodes and cathodes absolutely must be grounded through large 
resistances at this step so as to decrease their likelihood of being hit with arcing from the 
anode. 
During this step, the maximum voltage of the anode must be reached without any 
other perturbing influences in the chamber such as cathode current or focusing voltages.  
Because the anode has already been up to 40kV, it is typically safe to start this step at that 
voltage, or at least ramp up to it very quickly.  After that, it is also typically safe to allow 
the anode voltage to climb to 80 or 85kV at 0.1kV/20s, at which point the arcing usually 
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starts.  At this point it is worth noting that the reason this step is done alone and without 
cathode current is because in order for the chamber to be able to withstand the high 
voltages necessary for X-ray production, it must first be cleaned through a technique 
known as shocking. 
Because no amount of cleaning can perfectly eliminate all surface irregularities in 
the chamber, arc points will always exist to which high voltages can discharge.  
Therefore, before the device can be operated at the full high voltage, this parameter too, 
must be reached slowly, but for a slightly different reason than the other conditioning 
steps.  During the shocking process, small arcs form as discharge paths to the various 
surface irregularities in the chamber, each one of them effectively cleaning and 
smoothing the surface.  If the arcs are too violent, they will create permanent damage to 
chamber surfaces and create long standing discharge paths, but if they are allowed to 
progress in a semi-controlled manner, they can make it so new voltages that would have 
previously been unstable are achievable. 
Therefore, the trick to this step is keeping the arcs well controlled so that they are 
violent enough to clean the surfaces of the chamber, but mild enough so that they do not 
cause permanent damage and discharge paths.  Because of this fact, after 85kV the ramp 
rate should be variable and the pressure in the chamber should be constantly monitored 
and not left to condition overnight.  As can be seen in Figure 4.33a, the conditioning 
program will automatically lower the anode voltage if there are too many pressure spikes 
that cause the baseline pressure to rise too close to the set pressure.  These small pressure 
spikes represent controlled arcing, and therefore during this step, the pressure should be 
set quite low at around 5e-08torr to be very careful to prevent violent arcing.  Because the 
program will not lower the voltage based on one pressure spike alone, this limit translates 
to roughly midway between the spikes and the baseline pressure. 
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As a general rule, spiking will not occur at voltages that have been achieved 
before.  Therefore, the ramp rate may be slightly raised to get back to the last point at 
which the program dropped the voltage automatically.  Typically, a ramp rate of around 
0.1kV/90s is the slowest to be used when venturing into new voltage ranges, while 
0.1kV/40s is the fastest that should be used once controlled arcing starts taking place.  
Pressure spikes can typically be expected at almost every 0.1kV step once this process 
 
Figure 4.33:  (a) Graph displaying anode voltage during middle stages of high voltage conditioning.  
Notice that when the groups of pressure spikes raise the base pressure too high, the program automatically 
drops the voltage.  (b) Graph displaying anode current during this process.  Note that all current should be 
dark current due to a lack of cathode current during this step.  Also note that when dark current starts to 
increase and then spikes, that it then drops due to the shocking of that particular arc point. 
 161 
 
starts, as shown in Figure 4.34a.  If the pressure spikes and takes longer to retreat as 
shown in Figure 4.34b, though, it is 
probably due to a much more violent 
arc, after which the ramp rate should be 
reduced considerably to prevent further 
violent arcing.  Such a violent arc 
should also be evident through a large, 
sudden increase in anode current, as 
shown in Figure 4.33b, against the 
background of dark current. 
The dark current itself should 
remain fairly constant during this step, 
since the anode is constantly 
discharging in a semi-controlled 
manner.  If it does start to rise too 
quickly, typically the chamber will self-
correct through one of the violent arcs 
mentioned above, hopefully after which 
the dark current will return to a lower 
level, also as shown in Figure 4.33b, 
indicating that the violent arc destroyed 
the arc point that facilitated it.  High 
dark current or dark current that 
increases quickly as a function of anode 
voltage typically indicates that current is 
being continuously pulled from specific 
 
Figure 4.34:  (a) Partial pressure spikes displaying 
small controlled arcing every time voltage is stepped 
up.  (b) Spiking that occurred too close together and 
caused the program to lower the voltage, thus 
stabilizing the pressure.  (c) Small, intermittent 
discharging when full voltage has been reached, 
indicating that the chamber can now withstand high 
voltage arcs without loss of stability. 
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arc points in the chamber, debris that has been sputtered onto chamber surfaces, or from 
the focusing electrodes, which can cause a whole host of problems to be discussed in the 
next section.  But if this step is done correctly and violent arcs kept to a minimum, dark 
current can be kept at a manageable and well-controlled level as was achieved in our 
most recent conditioning, where dark current was kept to around 150μA even after 
achieving 160kV and staying at that voltage for half a day to ensure stable operation.  
During this final stabilization process, it can be seen in Figure 4.34c that the anode 
continues to have very small pressure spikes through small discharges.  This type of 
discharging indicates that the procedure was properly followed and that stability during 
discharge is possible, which is exactly what is needed for the device to be safely run with 
focused cathode current. 
It is also worth mentioning here that violently shocking the chamber can be used 
to clean up small amounts of debris that have accumulated over time due to the 
degradation of cathodes, pump oil contamination, or dirty pressure gauge filaments.  But 
such shocking should only be done as a last resort because it can cause massive chamber 
damage as is possible with the previous conditioning step and as is shown in the 
following example.  During the fifth assembly of the chamber, high voltage conditioning 
was proving to be extremely difficult, and so we resorted to the automatic shocking of the 
chamber by letting the anode voltage ramp immediately back up to where it was after a 
pressure spike caused it to be dropped.  This resulted in an arc puncturing clear through 
the ceramic of the feedthrough as seen in Figure 4.35a and as shown by an atmospheric 
distribution of gases being allowed to leak into the chamber in Figure 4.35b.  It was later 
determined that full voltage would have never been reached in this assembly due to 
improper handling of the ceramics, but this still gives a clear example of the possible 
damaging power that shocking can have, and so it should be used with caution. 
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As a final note on this subject, 
when the high voltage feedthrough 
failed and had to be replaced in the 
middle of conditioning, this required 
starting the conditioning from the 
beginning due to necessarily having to 
break vacuum in the chamber to replace 
it. But it was noted that when something 
has to be replaced in the chamber, if all 
other components are left in the 
chamber and it is pumped back down 
during the inevitable downtime that 
follows, the next round of conditioning 
is much easier, as was the case in our 
most recent round of conditioning.  This 
is due to the fact that many of the gases 
do not have the time necessary to 
completely re-adsorb into the materials, 
and thus much less effort will need to be 
taken to degas them again. 
 
4.3.7  Preparing the Focusing Electrodes 
 
The next step is to condition the focusing electrodes to reach their top voltages of 
8kV on the middle focusing electrode and 5kV on the top.  Note that this is the opposite 
of the original operating procedure shown in Figure 4.12, and rather followed the original 
 
Figure 4.35:  (a) Arc damage that punctured the 
ceramic feedthrough at the spot indicated by the 
arrow.  As can also be seen here, it was probably time 
to change this feedthrough anyway due to large 
amounts of cooked silicone grease in its interior.  (b) 
Partial pressure reading showing intermittent arcing 
followed by one large arc that gave way to an 
atmospheric distribution of gases in the chamber as 
indicated by the presence of high amounts of nitrogen 
and oxygen. 
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simulation.  The original procedure was followed only because of a communication error 
between those responsible for simulation and experimentation, and was only accidentally 
found during the fourth assembly of the chamber.  It could possibly be said that this 
should have been discovered earlier, since focusing was found to be fairly independent of 
anode voltage while the focusing voltages were inverted.  This went directly against 
details encountered in early simulation, but was shrugged off due to the need to press 
forward with other experimentation. 
Therefore, reverting to the specifications that were found during simulation had a 
profound stabilizing effect on the focusing electrodes and eliminated many of the 
problems seen in the first section.  Beyond the fact that these were now the correct 
focusing values for proper electron optics and electric field stabilization, these values also 
made it so the posts seen in Figure 4.12 were now on 5kV instead of 8kV.  This was a 
marked improvement for stability as well, simply because the post comes so close to the 
inner diameter of the hole in baseplate of the cathode assembly, which is hard grounded 
to the chamber itself.  Therefore, the ceramics between these two conductors now only 
have to deal with an upper limit of 5kV between them. 
It may also be noted here that the voltages are 1kV offset from the original 
focusing voltages found to be most ideal in simulation.  This is due to the fact that the 
original simulation was done with the cathode grounded and the gate providing the 
extraction voltage for the electrons.  Since this design, as stated in chapter three, uses a 
grounded gate and controls the electron extraction voltage through a negative supply to 
the cathodes, though, the focusing voltages are necessarily set 1kV lower to still retain a 
9kV and 6kV difference relative to the cathode surfaces. 
Regardless of the increased stability these ‘new’ values brought, power supplies 
with a current limit of at least 1mA should be used to prevent them from tripping during 
operation.  Such tripping causes immediate instability in the chamber due to rapidly 
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changing the voltage, and can cause arcing between the top and middle focusing 
electrodes due to the sudden appearance of a changed and possibly increased voltage 
between them.  In addition, because such a change would be in close proximity to the 
field between the gate and the cathode surface, this field can be disturbed and cause 
cathode degradation and consequent sputtering and further destabilization in the system.  
Therefore, not only should larger power supplies be used to avoid tripping, they should 
be powered up and down slowly at all times during operation. 
Finally during this step, the anode and cathodes should be shut down and the 
focusing electrodes should be connected through 1MΩ resistors to their power supplies.  
The reasons for this have been fully explained earlier when discussing the need for high 
resistance on the cathodes, and they involve the prevention of violent arcing to the 
focusing power supplies.  And even though it could be argued that a small current 
through these resistors could change the focusing voltages, it was seen during operation 
that no more than a few tenths of a milliamp leaked through these resistors to the power 
supplies which would only change the focusing voltages by a few hundred volts.  Such 
fluctuations in the focusing voltages were shown to be inconsequential to the focal line 
width in early simulations and thus were dismissed as irrelevant. 
When all of the above procedures were followed, all of the improvements made to 
the chamber made this conditioning step almost unnecessary during the most recent 
conditioning, despite the insinuated need for it displayed by the experimentation on 
“creepage” distances described earlier.  Therefore, this step proceeded quickly, ramping 
the focusing voltages to their specified values at a rate of 1V/5s or possibly faster, with 
little to no monitoring necessary. 
 
4.3.8  Pulsed Anode Conditioning 
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The final two steps of conditioning were originally separate, but in the most 
recent conditioning they were combined together so as to save time.  This is because they 
 
Figure 4.36:  (a) Pattern of power on the anode as verified by ramping up each separate cathode one at a 
time.  Notice that the max power comes from emitters two and four, so as to set up the dose distribution 
for the irradiation of two side-by-side mice.  (b) Graph displaying anode voltage ramping during pulsed 
mesh conditioning.  Note the decelerating nature of this ramp.  Also, the pressure reading in this graph is 
faulty, hence the need for the following plot.  (c) Partial pressures during the ramp in (b).  Notice the 
initial large outgassing indicating a slight reconditioning of the anode at the beginning of this step due to 
the time passed since DC anode conditioning was achieved. 
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accomplish the same basic goal and conveniently require the same components during 
implementation.  These two steps are pulsed anode conditioning and conditioning up to 
the final operating specifications.  The purposes behind these conditioning steps are to 
first expose the anode to its max power at a voltage at which arcing is rarely a problem in 
order to degas the focal spot at medium energies and high temperatures, and secondly to 
slowly condition the anode towards its final specifications.  The reason this is done in 
steps, as before, is because of the added stress that each step brings to the system and thus 
the new levels of outgassing and instability that could be caused. 
For instance, in the pulsed anode step, the focusing electrodes are now connected 
through resistors as described in the focusing electrode conditioning step above and given 
their full focusing voltages.  The cathodes, on the other hand, will be given new currents 
and thus new IV curves will have to be taken and resistances adjusted as described 
earlier.  This time, though, the measured transmission rates of all the emitters should be 
taken into account in order to produce whatever pattern on the anode that is desired.  For 
instance, in the most recent conditioning protocol, it was decided that the power on the 
anode should be distributed in such a way as described by Figure 4.36a.  This was to 
ensure a more level dose across a longer length of the microbeam, allowing the uniform 
Emitter 
Number 
Desired 
Anode 
Current 
(mA) 
Transmission
Rate (Cold) 
Necessary 
Cathode 
Current 
(mA) 
Resistance 
Needed 
(kΩ) 
Gate-
Cathode 
Voltage (V) 
1 6.0 68% 8.8 73.5 901 
2 7.0 59% 11.9 44.8 1018 
3 4.0 68% 5.9 25.1 1402 
4 7.0 65% 10.8 49.7 1015 
5 6.0 57% 10.5 80.1 707 
Table 4.1:  Table of values pertinent to achieving the desired current distribution on the anode.  All 
cathodes were driven at 1550V applied by the single cathode power supply.  Note that resistances cannot 
simply be uniform or follow the desired pattern of the anode current due to the varying transmission rates 
for each emitter / gate mesh combination. 
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and simultaneous irradiation of two mice, as will be described further in chapters five and 
six.  But the point is that given non-uniform transmission rates, resistances had to be 
modified in a complementary non-uniform manner as shown in Table 4.1 in order to do 
that.  In addition, these resistances had to be re-modified periodically to keep the same 
current distribution on the anode despite the non-uniform cathode degradation 
encountered during normal use that will be expanded upon in the next section.  This was 
done using the same method listed here and was also necessary for proper record-keeping 
of the degradation experienced by the system. 
After the adjustment to the resistors was made, the duty cycle was set at 15% and 
the cathodes were started pulsing when the anode was at 40kV, since this is where the 
anode was shown to have degassed under DC current from the cathodes.   From there, the 
voltage is slowly increased in a decelerating ramp as shown in Figure 4.36b, where the 
anode voltage increases at 0.1kV/5s from 40 to 50kV and the ramp rate decreases by half 
for every 10kV more the anode reaches.  If every step prior to this was done correctly, the 
pressure during this step will be quite well behaved as shown in Figure 4.36c, except for 
the possibility of initially heavy outgassing that was found later to happen every time that 
the chamber is warmed up for the day.  This will be discussed at the end of this section. 
But these new conditioning parameters are why this step, and the others that have 
preceded it, have been done separately.  If this step is not achieved first, then the next 
step, which is obviously the most difficult to achieve, could become impossible.  This is 
due to the fact that up until now focusing has not been used and the electrons hitting the 
anode have been at relatively low energy.  Therefore, only the global max temperature of 
the anode has been reached, while the focal line will become much hotter than it has been 
in other steps because the energy is focused into a smaller area.  In addition, the increase 
in anode voltage causes greater penetration depth of the electrons, perturbing pockets of 
adsorbed gas that until now had been untouched, bringing more possible incremental 
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levels of instability to the system.  Therefore, double the final duty cycle is used during 
this step to stir up the heat and allow as much degassing as possible before the final step 
can begin. 
 
4.3.9  Reaching Operational Specifications 
 
That being said, if all does go smoothly during this step, it is quite alright to 
transition directly into the next step when 80kV is reached, by simply dropping the duty 
cycle to 8% and continuing to move up with the anode voltage.  At this point it should be 
alright to increase the ramp rate again to around 0.1kV/10s until 100kV is reached, since 
the duty cycle has been halved and the anode temperature will be dropping rapidly.  
Moreover, this anode voltage has been reached before and should be completely safe.  
After this point, however, extreme caution and constant monitoring should be employed.  
The ramp rate should decrease to 0.1kV/20s when moving up to 120kV, and the same 
small controlled pressure spikes that were seen during high voltage conditioning should 
reappear.  These spikes will contribute to a much higher baseline pressure than was seen 
in high voltage conditioning, though, and so a pressure limit of 1e-07torr should be used 
with a decelerating ramp rate as described earlier.  If the chamber is constantly monitored 
during this phase and the ramp rate decreased as needed as shown in Figure 4.37b, a 
nearly constant baseline pressure of just under 1e-07torr should be achievable as seen in 
Figure 4.37a. 
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Finally, the temperature can get quite high during this and the previous steps, 
sometimes approaching up to 100°C.  When the temperature gets this high, it is 
 
Figure 4.37:  (a) Nearly constant pressure achieved by consistently monitoring the ramp rate so controlled 
arcing happens at a pace just high enough to stay under the pressure limit.  (b) First day of conditioning up 
to the full specifications after pulsed anode conditioning.  The constant rate achieved above was during the 
last part of this ramp.  (c) Last day of conditioning when 160kV was reached and then the pressure started 
to fall off quickly.  The extra day of rest for the device made the end of this step go much smoother. 
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recommended that the device be shut down for a half hour or so to allow it time to 
recover, as has been seen in the past few figures.  In addition, because the chamber 
requires constant monitoring, leaving the device off overnight and restarting this step the 
next day typically produces good results as shown in Figure 4.37c, with the chamber 
being given an extra long time to cool.  As a side note, it was seen again in this final 
conditioning step during the most recent chamber conditioning that the transmission rate 
does indeed increase with temperature as based upon the time averaged current value on 
the anode increasing in both the pulsed anode (Figure 4.38a) and final spec (Figure 
4.38b) conditioning sub-steps.  Therefore, it is indicated that a better monitor of actual 
 
Figure 4.38:  (a) Graph of current during pulsed anode conditioning that shows average anode current 
rising as the chamber heats up.  It is clear that this is due to heat and not increasing anode voltage because 
when the duty cycle is halved at 13600s, the trend stops even though the anode voltage continued to be 
ramped up to 100kV during the last 2000s.  (b) Graph of current during the final stages of conditioning 
also showing an increase in anode current and thus transmission rate with temperature, once again leveling 
off when a stable temperature is reached. 
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anode current should be used in the future to accurately quote the relationship between 
our tube current and X-ray output, although one has currently still not been employed or 
developed. 
 
4.3.10  Reconditioning and Warm-up Procedures 
 
Before moving onto 
the positive results that have 
been achieved since the 
development of this 
conditioning protocol, it is 
worth listing here one of the 
peripheral procedures 
discovered during and since 
the most recent conditioning 
process, and that is the 
process of warming up and 
cooling down the tube 
before and after use.  As can 
be seen in Figure 4.39a, 
running the tube for a few 
minutes prior to the days’ 
operation serves the dual purpose of slowly ramping up the anode voltage and cathode 
current to ensure everything within the chamber is still stably operating in addition to 
some slight reconditioning and degassing in the chamber. 
 
Figure 4.39:  (a) Partial pressure plot indicating release of hydrogen 
during tube warmup and before full temperature is reached and 
controlled arcing starts to occur.  Plot was taken during the first 
device run after conditioning was completed.  (b) Partial pressure 
plot showing reconditioning after device sat idle for over a month.  
Notice violent degassing towards the beginning and more controlled 
outgassing as full power is again restored towards the end. 
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The reason this reconditioning is necessary on a daily basis is due to the fact that 
the entire anode, along with most components in the chamber, are fired in hydrogen to be 
cleaned before being put into the chamber.  Therefore, their entire volumetric structures 
are infused with a certain amount of the gas.  This gas is released during conditioning 
under the large heat loading inherent to the operation process as I’ve discussed up until 
now.  But because the hydrogen is almost omnipresent in the chamber, if given a long 
enough time, it will diffuse back into the focal line from other points within the anode, 
and also redistribute from other surfaces in the chamber. 
Therefore, the longer the time that passes between uses, the longer the warm-up 
period should be, as exemplified in Figure 4.39b, in which a day-long reconditioning of 
the chamber had to be employed after it had not been in use for well over two months.  
During this reconditioning, the duty cycle had to be slowly ramped back up to the full 8% 
from 5%, indicating that the initial amount of hydrogen and other gasses being removed 
from the focal line was too great to keep the pressure low enough for stable operation. 
 
4.4  Improved Operational Characteristics 
 
Before moving on to the greatly improved operation of the compact MRT 
irradiator, I will list one last procedure that was come upon much later than the most 
recent conditioning.  This procedure helps to confirm the point come upon at the 
conclusion of the previous section that stated the conductive path for heat loss from the 
anode up through the ceramic cone in the HV feedthrough may play a larger role than 
anticipated given the strength of radiative heat loss at high anode temperatures.  As listed 
above, the emitter currents in the most recent assembly were chosen so as to keep the 
microbeam uniform across a length that could be used to irradiate two mice 
simultaneously.  This required keeping the center emitter (number three) running low, 
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which was convenient due to the fact that cathode three was originally the weakest 
emitter. 
The procedure was discovered when this emitter recently degraded past a point 
where it was useful to provide its tiny bit of extra current and was thus decommissioned.  
Because it is the center 
cathode, it could be turned 
off and grounded without 
any loss of symmetry to the 
system and its anode current 
could be evenly distributed 
amongst the other emitters 
without a significant change 
in dose distribution across 
the two mice.  The 
interesting point from an 
engineering perspective, 
though, was that this caused 
the maximum running time 
to increase while the 
chamber climbed to a 
markedly lower temperature.  
As a comparision, consider 
Figure 4.40a in which the 
device was run for two 2hr 
irradiations with two 10min 
intra-irradiation breaks and 
 
Figure 4.40:  (a) Partial pressure scan during a set of irradiations 
prior to decommissioning of cathode three.  (b) Partial pressure scan 
during irradiations after decommissioning of cathode three.  (c) 
Conceptualization of easier heat flow without segment three 
providing extra heat to the center of the anode.  Without it there, the 
anode center acts as more effective heat sink to the remaining focal 
line segments.  Thermocouple location for radiative heat 
measurement is circled in red for reference. 
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one 80min inter-irradiation break.  During this time, the chamber reached a max 
temperature of 107°C.  In Figure 4.40b, however, the tube was run for 80min and then 
40min with only one 5min break, followed by an 80min break and then a 190min 
irradiation with only three 8min breaks.  But during this much more intense procedure, 
the chamber only reached a max temperature of 102°C.  As is noted in the figures, the 
pressure was significantly higher for the longer procedure even though the temperature 
remained lower.  This indicates that although the local temperature of the focal line must 
have increased to allow for deeper degassing of that area, the global temperature of the 
anode, which causes the radiative heating of the chamber walls, was lower. 
This clearly shows that the conductive path of heat loss through the anode 
assembly is also a significant contributor to the total heat dissipation of the system.  As 
illustrated in Figure 4.40c, the lack of emitter three would provide a more conducive path 
of heat flow out to the center of the anode and out through the feedthrough.  With cathode 
three turned on, however, this heat flow was blocked by heat buildup that is intrinsically 
unnecessary to the system, since the 
extra flux from the center focal line 
segment can easily be made up by 
the other four emitters.  This only 
serves to underscore how important 
exhaustive testing of various 
operational protocols can be, and 
leads us straight into the main point 
of this section, which highlights the 
tremendous gains in stability that 
were a direct consequence of the thorough conditioning process and protocols listed in 
the previous section. 
 
Figure 4.41:  Graph displaying anode voltage (red) and 
pressure (blue) during an irradiation from an early 
assembly in which the running power is only 250W, but the 
pressure climbs up to and even over 1e-07torr at times. 
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Perhaps the most immediately noticeable difference in operation of the device 
after the conditioning process above was implemented was the lower base pressure and 
operating pressure.  The baseline pressure after this conditioning was around 1e-09torr, in 
direct contrast to a baseline pressure that was almost an entire order of magnitude higher 
after conditioning of the first few assemblies.  And as can be seen by direct contrast 
between Figure 4.24b presented earlier and Figure 4.41, the chamber could now be 
operated for hours at a time at almost 400W continuous power without getting anywhere 
near 5e-08torr while the pressure would climb well over this mark during the operational 
specifications  of 250W used during very early chamber testing. 
As can also be seen from these and the previous figures, the chamber can now 
withstand almost constant pressure spiking and controlled arcing during operation 
without shutting down the system.  Before the last round of conditioning, any small arc or 
pressure spike would shut down the focusing power supplies, precipitate discrete drops in 
cathode current indicating massive degradation and gate-cathode arcing, increase the dark 
current in the chamber, and sometimes even freeze the computer.  Since this last 
conditioning, though, none of these problems have occurred during routine operation, 
indicating a much more stable system.  Finally and also as seen earlier, everything went 
much smoother during conditioning itself, making for a much lower rate of cathode 
degradation during this phase of operation.  But all these separate achievements, 
impressive as they may be individually, pale in comparison to the tremendous gains that 
their combined effect had on the final device characterization. 
 
4.5  Final Device Characterization 
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The earliest vote of confidence for the edits made to the design and operation of 
the device in the sections above was the stability of the chamber during routine operation 
as shown in Figure 4.42.  Almost negligible degradation over days of use was observed 
with the only noticeable change in needed cathode voltage coming at the beginning of 
each irradiation.  This increase in cathode voltage near the beginning of each irradiation 
was initially coined “recoverable degradation”, but was eventually discovered to be a 
simple increase of the resistance of the whole system under the tremendous heating 
encountered over long periods of operation.  The specific location of this increase in 
resistance was never found or even looked for due to the recoverability of the effect and 
its lack of significance to the operation of the device.  Regardless, it was most likely in 
the large resistors and potentiometers attached to the cathodes due to the fact that they 
were each responsible for dissipating around 0.5W of power during operation.  Because 
the fluctuation of cathode voltage necessary to operate the device at full power changed 
so much more during each day than it did between days, though, longer term lifetime 
studies were warranted. 
 
 
Figure 4.42:  Graph displaying cathode stability over multiple days of use with horizontal axis divided 
into hours for each day.  Notice that the voltage required to produce a constant 46.5mA of cathode current 
does not noticeably change between days and only increases during usage, dropping back down after long 
breaks or days off. 
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4.5.1  Lifetime Studies 
 
Perhaps the most 
important result that has 
followed the most recent 
conditioning and edits to the 
chamber itself, is the fact 
that chamber has been 
running smoothly for well 
over a year without requiring 
a reassembly or cathode 
replacement.  As can be seen 
from Figures 4.32a and 
4.32b, the chamber ran at full 
power for over 140 hours 
during 2012 while, with the 
exception of cathode three, 
the cathode-gate voltages 
have only degraded by 250V 
at most.  And although this 
one cathode has been 
decommissioned, the fact 
that the chamber has been operational for a solid year speaks for itself.  What should be 
noticed about these figures, though, is that cathodes two and four have degraded 
significantly more than cathodes one and five.  As a matter of fact, emitters one and five 
actually seem to decrease the amount of voltage necessary to produce their current after 
 
Figure 4.43:  (a) Graph displaying the gate-cathode voltage 
required to continue providing the same initial currents specified in 
Table 4.1.  (b) Graph displaying the gate-cathode voltage required 
to provide the slightly increased currents necessary after cathode 
three was decommissioned and its current load evenly distributed 
amongst the remaining emitters. 
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cathode three was decommissioned, indicating that even after forty hours of use, the 
amount of sustained degradation for these cathodes is within the amount of error inherent 
in the measurement. 
This only further 
corroborates the theory that 
added resistance has a 
profound effect on the 
stability of many of our 
electrical components.  As a 
matter of fact, when 
degradation per mAs of 
usage is plotted for all five 
cathodes as in Figure 4.44, a 
very clear trend appears in 
which the normalized 
degradation varies as the inverse square of the resistance in the system.  Alternatively, 
though, it could be argued that cathode three was originally the weakest cathode, and that 
all of the cathodes have kept the relative strengths that they initially had with the weaker 
cathodes degrading faster.  This is clearly the case when looking at a comparison between 
IV curves taken near the end of conditioning and those taken one year later, as shown in 
Figure 4.45a and Figure 4.45b.  Unfortunately, though, an analysis based on the initial 
strengths of the cathodes cannot as easily be normalized to total mAs outputted by each 
of them.  As a result of this alternate theory, though, there is just not enough information 
contained in the tracking of these five cathodes to solidly prove that added resistance 
decreases degradation of the system, but only that one or a few of the many things 
 
Figure 4.44:  Plot showing degradation/mAs as a function of the 
weighted average resistance on each cathode during operation.  
Notice the very clear trend of decreasing degradation and the almost 
perfect fit to an inverse square model, with an R2 value of 0.995.  
Degradation per mAs is not shown here because no relationship was 
found between the two given the differing resistances on the 
cathodes along with their varied initial strengths. 
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changed in the most recent assembly allowed for a much longer lifetime of the system as 
a whole. 
Therefore, the 
increased resistance behind 
the cathodes will just be 
listed here as a best practice 
because a further exploration 
of the topic is beyond the 
scope of this work, and the 
question of whether 
increased resistance leads to 
the squelching of arcing 
before it becomes violent as 
described in the subsection 
on DC mesh conditioning is 
definitely still up for debate.  
Either way, though, the 
argument is made 
considerably stronger by the 
results in the next section.  
They clearly show that the 
resistance that was added to 
the focusing electrodes as 
described in the subsection on focusing electrode conditioning, more or less changed the 
whole device from an unstable concept design to a robust and reliable tool for 
radiobiological studies. 
 
Figure 4.45:  (a) Plot of the IV curves for all five emitters before 
final conditioning.  (b) IV curves after the four remaining viable 
cathodes after roughly 120 hours of use, indicating an almost equal 
degradation of emitters one and five, along with a similarly equal 
degradation for two and four.  It is noticed, though, that emitters 
two and four degrade more than one and five during this time. 
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4.5.2  Focal Line Analysis 
 
Since the last reassembly and conditioning of the chamber, the most important 
achievement has been the stabilization of the focusing electrodes and power supplies 
through the addition of resistance and the use of larger power supplies.  While these have 
not directly produced some of the 
more impressive results of device 
use, without them, very few of the 
further results would have been 
possible at all.  Since these small 
changes have been made, the 
focusing power supplies have never 
cut out during experimentation, and 
have never caused additional arcing 
or cathode degradation in the 
system.  This is in direct contrast to 
the tremendous problems 
encountered with their use as 
highlighted towards the end of 
chapter three, briefly remarked upon 
within the first section of this 
chapter, and as further described in 
the third section. 
Not only have the power supplies not tripped out during use, they have been left 
permanently energized during most of the last year of use.  This was only until recently, 
when it was found that this practice was very slowly causing leakage current through the 
 
Figure 4.46:  (a) X-ray camera image of the shadow of the 
tungsten wire in the field of emitter two running at 160kV 
with 1” of Al filtration.  Note the disappearance of the dark 
current lines on either side.  (b) Plot showing dependence 
of focal line width on anode voltage, indicating stable and 
sensible focal line behavior as seen in other devices 
employed in our lab. 
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ceramics in the cathode assembly.  This basically told us that so long as the focusing 
electrodes are shut down after use, their stability will far outlive the cathodes, since they 
were able to be left on for the better part of a year before their insulating ceramics started 
to break down.  In addition, since we have begun the practice of shutting them down after 
each use, they have recovered, and now only produce 0.1mA at most of leakage current 
during operation. 
The next large 
improvement that came with 
focusing stability was the 
disappearance of the dark current 
focal lines that were seen during 
early operation.  As can be seen 
in Figure 4.46a, camera images 
of a tungsten wire as shadowed 
by one emitter display no side 
bars anymore, presumably due to 
the decrease of sputtered CNTs 
from rapidly degrading cathodes 
and the rounding of the edges of 
the top focusing electrode.  
Moreover, with the focusing 
electrodes hooked up in the 
correct permutation, with a 
higher electrostatic voltage on 
the middle electrode, the width of 
the focal line has been shown to 
 
Figure 4.47:  (a) SolidworksTM diagram indicating where the 
tungsten wire was placed between the window and lead 
collimator.  (b) Photograph and drawn line showing how the 
tungsten wire was oriented to the X-ray window.  (c) 
Diagram showing an exaggeration of how a misalignment 
between the tungsten wire (blue rectangle) and the focal line 
segment in question (green rectangle) could widen the 
apparent focal line width. 
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be very dependent on anode voltage as shown in Figure 4.46b.  The cubic fit here 
displays both a decrease with anode voltage and a minimum, past which the focal line 
width starts to increase again due to crossing of the electron beam.  Both of these 
observations clearly fit with earlier simulations and experimentation done in our group.109 
In addition, the long lifetime of chamber operation has allowed for more thorough 
focal line studies to be performed using a modification of EN 12543-5,102 the European 
Standard for determining the size of focal spots from micro-focus X-ray devices.  This 
standard employs a 1mm diameter tungsten crossed wire phantom and its image on an X-
ray camera to make a measurement of the focal spot size using the magnification and 
sharpness of the image.  Because our source is a focal line and not a source, though, we 
eliminated one of the tungsten wires in the cross and instead used one single, 6” long 
tungsten wire placed directly beneath the center of the X-ray window on top of the lead 
conformal collimator with their long axes coincident, as shown in Figure 4.47a and 
Figure 4.47b.  Because there was no way of knowing exactly what projection angle the 
wire was when measured relative to the anode surface, we simply assumed that it was 
around 10 +/- 1°, because that is the projection angle at the center of the X-ray window as 
was shown in Figure 3.17b.  Moreover, we also assumed that the wire was in good 
enough alignment with the length of the focal line to still provide us with an accurate 
measurement of the width of the focal line, even though a slight crossing of the two could 
widen the apparent focal line width as shown in Figure 4.47c. 
Before all images were taken, a solid inch of aluminum filtration was placed in 
front of the Hamamatsu X-ray camera in order to cut down on the flux so as to not 
damage it since all images taken to measure the focal line width had to be done with full 
anode and cathode voltage to emulate the true mode of operation.  In addition, all images 
taken for this experiment were taken at only 1% duty cycle for the same reason.  After 
these precautions were taken, images of the wire’s shadow as illuminated by each of the 
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four remaining operational cathodes were taken one at the time.  And due to the large 
heel effect present at this projection angle as seen in Figure 4.48a, the images were 
modified using the following method. 
 
ܶݎݑ݁ = ܴܽݓ − ܦܽݎ݇ܤ݈ܽ݊݇ − ܦܽݎ݇ 4.3 
In Equation 4.3, Raw represents the raw image before processing, Blank 
represents an image taken without the tungsten wire but with the same anode current, 
cathode current, and focusing voltages.  Dark represents the camera image formed 
without X-ray illumination, and True represents the final corrected image.  As a side note 
here, it was noticed in the results that there was still a slight contaminating influence from 
dark current in the shadow profile of the final images as shown in Figure 4.48b, and in 
the future, such experimentation should be done using an image of the dark current as the 
Dark image.  In continued processing, 5mm horizontal slices were sampled from the 
center of the True images and were then averaged along the length of the shadow to 
reduce noise while deleting faulty pixel values to create line profiles showing the shadow 
of the tungsten wire.  Then, a modified version of the protocol from the Standard was 
used in which the 40% and 80% lines of maximum contrast are used to define the 
penumbra instead of the 50% and 90% lines due to the increased scatter and penetration 
at 160kV.  The focal line widths were then calculated from the size of the penumbra and 
the magnification of the wire. 
The results of this study are shown in Figure 4.48c, along with results for 
measurements taken at what were estimated to be 8° and 9° projection angles.  Due to the 
fact that these angles could not be measured, though, their precision can only be quoted 
to +/- 1°, and were originally only measured to increase the amount of data and give a 
hard number to the focal spot at the angle that we actually use for microbeam creation, 
which is 8°.  The average focal line width at this angle of all the segments was 132μm, 
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directly in line with and actually a bit smaller than initial simulations presented back in 
chapter three.  What is perhaps more interesting, though, is that for all of the projection 
angles, segments two and four are 
much thinner than one and five, 
possibly indicating that the edge 
effects of the focusing track play a 
part in widening the effective 
focal line.  Either way, though, the 
experiment thoroughly validates 
and even improves upon 
simulation, giving a calculated 
average focal line segment width 
of 940 +/- 70μm before projection.  
Moreover, when the segment sizes 
are weighted by their current 
levels during device operation, the 
weighted average for the entire 
focal line is still 940μm. 
But the problem with this 
is that these segments are not 
necessarily perfectly aligned and 
could have an intrinsic tolerance 
to how well they form a straight 
line on the anode, as was shown in 
Figure 4.8a.  This problem, as stated in the first section of this chapter, had been known 
for quite some time and only one measure had been taken to rectify it.  This method was 
 
Figure 4.48:  (a) Line profile of the wire shadow in which the 
heel effect at this projection angle is clearly apparent.  (b) 
Line profile of the same image after correction in which a 
small contribution from dark current is indicated.  (c) Graph 
displaying the various focal line segment widths at the 
different angles measured.  Notice the marked difference 
between the widths of the more central focal line segments. 
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to use the old microbeam collimator from the test chamber described in chapter three to 
clamp all the cathodes together in a line while putting together the cathode assembly, as 
shown in Figure 4.49.  After all the cathodes were tightly screwed down to the glass 
substrate, the clamp was removed, ensuring that the cathodes were not only all in the 
same line, but also at exactly the same angle to within the flatness tolerance of the steel 
parallels used to clamp them together.  This method, though, assumes that the only source 
of misalignment of the focal line segments could be mechanical misalignment of the 
cathodes, which is clearly not the case.  As seen earlier in this chapter when discussing 
the various transmission rates of the emitters, the non-uniform nature of the gate mesh 
could also play a part in segment misalignment. 
Actually measuring this property of 
the focal line as a whole also presented 
quite a problem, due to the fact that there is 
no clear reference to which each focal line 
segment can be measured.  But as an 
attempt to get a meaningful look at this 
elusive measurement, two methods have 
been used.  The first is done by using the 
data taken above for focal line measurements.  Each shadow made by the four cathodes 
tested appeared shifted from the others by a certain amount on the camera, as seen in 
Figure 4.50, due to the inevitable angular misalignment of the tungsten wire to the entire 
length of the focal line as explained above.  Because each of the cathodes is separated 
from each other by a set amount in the linear direction, the offset positions of the 
shadows on the camera due to the angular misalignment should vary in a perfectly linear 
manner with cathode number, as illustrated in Figure 4.51a. 
 
Figure 4.49:  SolidworksTM model showing how a 
parallel clamp is used to align the cathodes on the 
glass substrate before being tightened down. 
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Therefore, the positions of the shadows on the camera 
for each segment were measured by using the images as 
corrected above and simply taking the midway distance 
between the two points of half-maximum contrast as the 
‘position’ of the shadow on the camera, as shown in Figure 
4.51b.  These positions were then plotted as a function of 
cathode number with a line fitted through them, as seen in 
Figure 4.51c.  The distance of each cathode from this line was 
then taken to be the error in alignment for that particular focal 
line segment.  These values, along with calculations of their 
true values after magnification and projection angle were 
taken into account, are presented in Table 4.2.  The offsets as 
percentages of their total segment widths as measured 
previously are also presented here.  As can be seen in both 
this table and its associated figure, the fourth segment is the 
furthest from the regression line, deviating by an average of 
153μm before projection from a hypothetical regression line 
that could be drawn through the center of all four segments as 
seen on the anode.  This translates into up to 18% of this 
segment’s flux that is off-center during microbeam alignment, 
but these numbers are not quite as bad as they initially seem.  
This is due to the fact that segments 1 and 5 are larger than 
segments 2 and 4 as reported earlier.  Therefore, if you look at 
the segments as they would appear on the anode as shown in Figure 4.52, they all fit 
within a 1.2mm wide line that runs across the entire anode.  Given that fact, a collimator 
 
Figure 4.50:  Set of images 
corresponding to the 
positional shift on the 
camera of the wire shadow 
from  the projection of each 
different cathode. 
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as small as 140μm could be 
used when tilted at 8° and still 
allow for full transmission of 
the flux from all four focal 
line segments. 
The second method to 
determine the alignment of the 
focal line segments is based 
upon looking at their image as 
seen through the collimator 
itself.  This method involves 
even more assumptions, 
though.  For one, you must 
assume the collimator is 
perfectly aligned to give the 
maximum signal from each of 
them.  Perhaps more simply, 
given that you have a 
collimator that is larger than 
the maximum extent of all the 
segment widths as calculated 
above, this collimator must be 
aligned in such a manner that 
all points of each segment can 
be viewed through it, as was 
just illustrated in Figure 4.52.  
 
Figure 4.51:  (a) Diagram illustrating how an angular 
misalignment of the tungsten wire to the focal line results in an 
offset between the positions of the shadows that should be linear 
with respect to segment position along the focal line.  (b) Method 
used to determine the position of the shadow on the screen using a 
line profile taken across the camera.  (c) Graph displaying the 
position on the camera of the shadow for each of the four 
segments measured at each of the three projection angles. 
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And even if it is, you are still discounting possible scattering through the finite-thickness 
collimator that could cause phantom measurements.  Finally, this method is basically 
using the collimator as a pinhole camera, but it is well known that for pinhole camera 
measurements to be accurate, the scale of the parameter to be measured must be smaller 
than that of the pinhole.  And in this case, with offsets measuring less than 50μm after 
projection and a collimator that is 180μm in width, the measurements would be terribly 
inaccurate. 
Therefore, although many measurements such as those seen in the introduction of 
this chapter were done to try and determine the segment offsets using this method both 
with the X-ray camera and radiochromic film, they will not be presented here.  Suffice it 
to say that their results were concerning enough to warrant the removal of the collimator 
so that the more thorough treatment given above could be employed.  In addition, hints of 
this problem that persisted through the most recent assembly and conditioning, although 
not causing enough of a stir to change the design of this device, were enough to prompt a 
change in the design of the second generation device that will be discussed briefly in 
chapter six. 
  
Projected Offset from 
Focal Line (μm) 
True Offset Before 
Projection (μm) Average True  
Offset (μm) 
Average 
True Width 
(mm) 
Percentage
of Flux 
Off-center Emitter 8° 9° 10° 8° 9° 10° 
1 0.0 -3.5 -4.5 0 -22 -26 -16 1.00 1.6% 
2 -6.4 -13.4 -14.7 -46 -86 -85 -72 0.90 8.0% 
4 18.9 26.7 26.3 136 171 151 153 0.85 18.0% 
5 -12.6 -16.5 -16.0 -90 -106 -92 -96 0.98 9.8% 
Table 4.2:  Offsets taken from the plotted regression lines in Figure 4.51c.  Initial values obtained are 
clearly post-projection and therefore must be adjusted based on the approximate projection angle to get 
true values for the offset of each segment from the common focal line.  Percentage of the X-ray flux that 
each segment provides that is off-center is presented in the last column. 
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This change was based on the theory that this problem could have been caused not 
by misalignment of the cathodes themselves, but by small tilts in the connection between 
the bottom plane of the cathode substrates and the glass to which they are fastened, as 
shown in Figure 4.53a.  Given such a tilt, the emitting surface of the cathodes would be 
an uneven distance from the gate mesh, which could result in a large variation in 
emission current across the width of the cathode even with a variation as small as 10 or 
20μm, as was shown by Equation 4.2 above.  This would actually be quite possible, 
seeing as how this would require less than a 1° tilt across this surface. 
 
Figure 4.52:  Plot showing the relative position of each focal line segment as seen if directly facing the 
anode surface.  Notice that all segments can be encompassed by a 1.2mm range, meaning that in order to 
use all available flux, any collimator would have to be at least a width that corresponds to this range 
before projection. 
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In addition, the method by 
which the cathodes are attached to 
the glass lends itself to such an 
error as shown in Figure 4.53b.  
As stated earlier, spacers are 
placed underneath the cathodes to 
bring them to the proper height, 
but these spacers are not only 
compressible due to their metallic 
makeup, they are also not quite as 
large as the cathodes.  Also, the 
cathodes are only attached using 
two in-line screws as was shown 
in Figure 3.21, more easily 
allowing for such non-uniform 
compression of the spacers under 
the non-uniform pressure exerted 
by the screw heads.  Therefore, in 
the design of the next generation 
device, the cathode substrates 
were designed with three off-line 
screws instead of only two.  This 
way the three connection points 
must form a full, flat plane of 
 
Figure 4.53:  (a) Diagram illustrating how a slight tilt in the 
cathode could make one side of the CNT surface closer to 
the mesh than the other, producing stronger emission from 
that side and an apparent offset of the focal line segment 
created from that cathode.  (b) Diagram illustrating how the 
combination of using only two screws and small spacers 
could compress the spacer non-uniformly and effectively tilt 
the cathode as shown above. 
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contact between the cathode substrates and the glass, ensuring the parallelism between 
the top and bottom surfaces of the substrates is not undermined by possible tilting of the 
connection plane. 
 
4.5.3  Microbeam Alignment 
 
 The final procedure that will be touched upon in this chapter is the refined method 
for aligning the microbeam collimator to the focal line segments as described in the 
previous section.  As indicated there, the success of this alignment depends not only on 
the capabilities of the alignment system and protocol, but also on the alignment between 
the segments themselves.  Once this was assured as reported above, though, all persisting 
problems with microbeam creation could be attributed to effects dependent on 
collimation and alignment.  As mentioned during the first section of this chapter, this 
alignment was originally done using a trial and error method that was quite tedious.  The 
reason this method took so long was because the two degrees of freedom in the 
collimator alignment assembly were not linearly independent. 
As can be seen in Figure 4.54a, when the rotational stage moves the collimator 
housing, not only does the plane of the microbeam rotate relative to the center of the X-
ray window, it also translates in a direction perpendicular to the face of the anode.  
Therefore, a mathematical relationship needed to be formulated that would determine 
exactly how much translation occurs for a given amount of rotational stage motion.  If 
this relationship is known, every time the rotational stage is used to adjust the angle 
between the collimator slit and the window, the translational stage can be counter-
adjusted by the amount necessary to make the rotation have occurred purely around the 
center of the X-ray window.  This would effectively decouple the linearly dependent 
operations and make it so each degree of freedom can be adjusted independently.  In this 
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way, each could be used to 
separately maximize the flux 
through the collimator and once 
the best setting is found in one 
degree of freedom, it can be left 
alone to maximize the other 
without risk of changing the 
optimum setting of the first. 
The first step in making 
this calculation was to accurately 
diagram the motion of the 
collimator slit under adjustments 
of the rotational stage, as shown 
and labeled in Figure 4.54b.  In 
this diagram, L represents the 
perpendicular distance from the 
center of rotation of the stage to a 
plane that cuts through the center 
of the anode, the X-ray window, 
and the ideal location of the center 
of the collimator.  Also, yo 
represents the perpendicular 
distance from the center of 
rotation of the stage to the 
collimator slit.  And finally, x 
represents the incremental distance that the mechanical actuator pushes the rotation stage 
 
Figure 4.54:  (a) SolidworksTM diagram showing collimator 
alignment system as viewed from the X-ray window.  Note 
that when the rotation stage is used, it not only rotates the 
angle of the collimator, but also translates the center of the 
collimator away from the anode surface as shown.  (b) 
Diagram illustrating the calculation used below to determine 
the correction needed to account for this stray translation 
caused by the off-center rotation stage. 
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lever forward.  Such a push rotates the whole system counter-clockwise by an angular 
displacement characterized by the following equation. 
 
ݔ = ܴ tan ߠ 4.4 
This angular displacement causes a shift in the amount y that is perpendicular to x and the 
face of the anode.  This amount must be built up from other quantities that can also be 
referenced in the diagram and is analytically constructed as shown below. 
 
ݕ = (ܮ + ݕ௢ sin ߠ) tan ߠ − (ݕ௢ − ݕ௢ cos ߠ)  4.5 
For our purposes, though, we will be dealing with angles no larger than a couple of 
degrees, and therefore we can use the small-angle approximation for the trigonometric 
functions involved in Equations 4.4 and 4.5 to yield the following. 
 
ݕ = ܮܴ ݔ  4.6 
And with the actual measurements of our system, the conversion factor ܮ/ܴ simply has a 
value of 7/3.  Therefore, for every small movement of x given to the rotation stage 
actuator, a backwards motion of –y must be given to the translation stage actuator to keep 
the center of the collimator slit in the same position along that axis and counteract the 
inherent but unwanted motion of +y that was given by the rotation stage. 
 As can easily be seen, this method turned out to be far more elegant than the 
guess and check method employed before and was used to turn out beam profiles like the 
one shown in Figure 4.55 within minutes following the complete collimator disassembly 
that was necessary to take the focal line data already presented earlier in this section.  
Such profiles, after the considerable amount of work that went into stabilization and 
device characterization presented in this chapter, will be the primary subject of the next 
chapter.  This chapter will focus almost entirely on a set of refined techniques and results 
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characterizing the amount and distribution of dose delivered to tissue by our fully 
optimized microbeam irradiator. 
 
 
 
Figure 4.55:  (a)  X-ray camera image of the microbeam as seen after collimation.  (b)  Plot profile of the 
X-ray image showing near perfect alignment obtained in only minutes after camera setup. 
 
 
 
 
 
CHAPTER 5:  DOSIMETRIC CHARACTERIZATION 
 
While methods of device characterization described in the previous chapter were 
ongoing, it was also quite necessary to begin a dosimetric characterization of the 
capabilities of the prototype device.  This need was due to the fact that studies involving 
live animals were ongoing throughout characterization in order to go ahead and start 
doing radiobiological testing.  Therefore, a thorough knowledge of the dose output and 
profile were needed to correlate biological findings with known dose data.  In addition, a 
full-scale dosimetric characterization of the device would be completely necessary for the 
development of a treatment planning system if the device was ever to be fully automated, 
allowing users to calculate what the specific device operating parameters necessary to 
deliver specific dose distributions within animal tissue. 
In order to make this a possibility, a large amount of experiments needed to be 
run.  Perhaps the most important of these would be determining dose rate information, 
specifying the amount of dose delivered given certain machine parameters such as 
cathode current and on-time.  But because the dose delivered depends on many other 
setup parameters, such as distance from the target to the focal line, and the amount of 
tissue between the source and the measurement point, these dependencies must be 
measured.  In addition and as introduced in chapter two, microbeams created from 
divergent sources have FWHMs and PVDRs that vary with distance from the collimator, 
and therefore these dependencies have to be teased out as well. 
Before this could be done, however, the problem of how to accurately measure 
dose in a microbeam with a width on the order of 300μm had to be addressed.  This 
problem has been dealt with for over a decade at synchrotron facilities, and has no 
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conventional or commercially available solution.110  As a matter of fact, because their 
level of dose is over an order of magnitude higher than what we can currently deliver and 
their beam is almost an order of magnitude thinner, they still do not have a viable 
solution to this problem.  Therefore, in order to better understand this problem and come 
up with our own method of reliable dosimetry, much work had to be done on the subject.  
So, we will begin with an introduction to conventional dosimetry methods used for the 
characterization of clinical radiation therapy devices before moving on to the methods we 
modified and employed for our own prototype. 
 
5.1  Introduction to Conventional Dosimetry 
 
The term absorbed dose is defined as the energy per unit mass that is deposited 
into material by ionizing radiation at a given point within the material.  The reason dose 
is defined this way is because the energy of the ionizing radiation itself does not linearly 
correspond to the amount of energy that is actually absorbed by the medium.  Most of 
that energy actually passes straight through the material in the case of high-energy 
particles and photons without interaction.  Moreover, even if the radiation does interact in 
the medium, very rarely does all of the energy possessed by that incoming particle or 
photon get absorbed completely at that point in the material, but rather scatters into other 
parts of the material or scatters and exits the material entirely.  And finally, the 
interaction caused by the incoming radiation does not even have to deposit all of its 
energy right there on the spot.  Contrarily, these interactions often cause a new secondary 
scattered particle to make its way into other parts of the material, depositing its own 
energy in various other places, as shown in Figure 5.1.60  Due to these considerations, the 
actual measurement of dose is actually quite difficult and involves many constraints and 
approximations on the measurement system. 
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One might ask, then, why dose 
is defined this way, and it is because 
this quantity is more clearly related to 
the damage of living tissue than other 
definable quantities involving ionizing 
radiation.  This is due to the fact that 
the damage caused to tissue by such 
radiation is precipitated by the 
ionization and excitation of molecules 
within the cellular structure of the 
tissue.  When ionizations occur within 
cells and specifically within the cell 
nucleus, the DNA harbored by that 
cell is either directly ionized and 
broken or indirectly damaged by the free radicals that arise nearby in the path of the 
ionizing particles.  Various levels of breakage of the DNA strands can lead to cell death, 
and thus tissue damage.2  Therefore, this is why dose is defined in a manner that 
quantifies the amount of excitation and ionization energy that is deposited in a material at 
a particular point. 
In addition, this refers back to the reason touched upon in chapter one as to why 
only low-energy photons can be used for MRT.  Photons deposit their ionizing energy 
indirectly, by scattering electrons either through the photoelectric or Compton effect into 
the tissue.  These secondary low-energy electrons are what actually cause excitations and 
ionizations in the cells, and thus, in order to keep the dose within the microbeam pattern, 
the ranges of these scattered electrons must not be on the same order of magnitude as the 
 
Figure 5.1:  Illustration showing three photons 
interacting in a volume of interest in a material.  Notice 
that the first photon deposits all its energy in a 
photoelectric interaction, with its resulting photoelectron 
depositing some of its energy, but carrying some of it 
outside of the volume.  Note that contrarily, the second 
photon only deposits some of its energy in a Compton 
scattering event, but that all of the energy transferred to 
the scattered electron is deposited in the volume.  
Finally, note the possibility of the third interaction, in 
which the photon scatters within the volume, but all 
energy is carried out of the volume by the particles 
involved in the scattering. 
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microbeam width.  But in essence, this 
very concept that is essential to the 
structure of MRT dose distributions is 
what makes dose within them so hard 
to measure. 
The only way to measure 
absolute dose is through a direct 
determination of how much charge is 
liberated within a medium as it is 
irradiated.  The most conventionally 
accepted way to achieve this for 
photons is through the use of 
ionization chambers.57  These consist 
of two electrodes separated by only 
air, and when the volume between these two electrodes is irradiated, charge is liberated in 
the air through ionization and collected by the electrodes as shown in Figure 5.2.  Then, 
the amount of charge collected is tallied and divided by the amount of air in the space 
between the electrodes to give exposure, which is defined as such.  This quantity is 
directly related to the amount of energy deposited in the air through ionization by a 
conversion factor labeled ഥܹ ݁⁄ , defined as the mean energy expended in a gas per 
coulomb of liberated charge and having a known, measured value of 33.97 J/C.60 
Multiplying the exposure by this conversion value, though, only gives the 
ionization energy deposited in air per unit mass by the effects of the radiation.  This value 
is equal to the collision kerma, which is defined as the net energy transferred to charged 
particles per unit mass at a point of interest.  Therefore, due to the fact that the ionizations 
in the chamber are all caused by collisions of the primary photons with particles in the 
 
 
Figure 5.2:  Diagram illustrating how an ion chamber 
measures the amount of ionization created in air from 
photonic radiation sources.  Note that the scattered 
photon and electron play no part in the measurement 
process, with only positive charge collected contributing 
to the reading. 
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air, the total energy required for these ionizations is equal to the amount of energy given 
to charged particles in the collision itself, which completes the relationship.  Collision 
kerma in the ion chamber is only related to dose, though, if the secondary charged 
particles caused by photon scattering, namely electrons, deposit all of their energy within 
the chamber, otherwise absorbed dose could vary considerably from collision kerma as 
measured due to the loss of energetic electrons outside the sensitive volume of the 
chamber, also as shown in Figure 5.2.60 
This conceptual problem is addressed by the assumption of charged particle 
equilibrium (CPE) in the chamber.  This assumption first involves stating that the 
chamber is small enough that the flux of radiation is not appreciably different at the 
 
Figure 5.3:  Diagram detailing the concept of CPE.  Notice that as long as the number of ions collected 
from interactions that produce electrons that escape the chamber without depositing their energy in the air 
volume equals the number of ions that go unmeasured created from interactions that produce electrons 
that deposit their energy in the active volume, dose will equal collision kerma in the chamber.  This 
condition holds as long as the ion chamber does not significantly disturb the medium in which it is 
immersed or the photon field being analyzed. 
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entrance and exit of the chamber.  Second, the material outside the chamber must have 
the same scattering properties as the material inside the chamber.  Provided these two 
conditions are met, it can also be deduced that the amount of scattered electrons entering 
the chamber but resulting from ionizations occurring outside the chamber is equal to the 
number of electrons exiting the chamber resulting from ionizations inside the chamber, as 
illustrated in Figure 5.3.  If this condition is met, the collision kerma as indicated by the 
exposure measured in the chamber must be equal to the absorbed dose within the 
chamber, which gives us the following relationship.60 
 
ܦ௔௜௥
஼௉ாሯሰ ܭ௖,௔௜௥ = ܺ ( ഥܹ ݁⁄ )  5.1 
 In Equation 5.1, ܦ௔௜௥ represents absorbed dose in the chamber, ܭ௖,௔௜௥ represents 
collision kerma in the chamber, and X represents exposure in the chamber.  Technically, 
there are additional requirements for this relationship to hold if the ion chamber is 
immersed in a medium other than air, including that the walls of the chamber must be of 
a composition similar to that of air, thin enough to not disturb the photon radiation field 
appreciably through attenuation, and finally, thick enough to ensure that the effect of 
electrons entering from the outside as illustrated above does not happen.  Instead, it must 
be the case that all escaping electrons must be absorbed in the wall and entering electrons 
must have originated in the wall.60  The direct mathematical reasons for these additional 
and refined conditions are tied up in cavity theory, a detailed explanation of which is 
beyond the scope of this work, but the concepts behind them are strongly rooted in the 
explanations given above. 
 Due to the ability of ion chambers to almost directly measure dose through the 
relationships described here, they are the gold standard for determining the dose output of 
radiation therapy devices.  The problem with them, though, is that as desired dose 
distributions in tissue start to acquire more and more volumetric precision with the advent 
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of multi-leaf collimators, intensity modulated radiation therapy treatments, and live 
imaging and targeting; they have fallen below the necessary resolution levels to verify 
such treatments that can deliver radiation on a sub-millimeter scale.  Moreover, they 
definitely have far too large a sensitive volume to be useful for measuring the charge 
liberated at different points within microbeam distributions, as shown in Figure 5.4.  This 
has led to the need to use other relative dosimeters that have better resolution than ion 
chambers, but whose measurements do not always lend themselves to a conversion to 
absolute dose. 
Therefore, most of these 
relative dosimeters must be calibrated 
to ion chamber measurements in 
broad, uniform radiation fields in 
order to provide a measurement of 
absolute dose.  Thus, while using all 
sorts of relative dosimeters for quality 
assurance of their treatment beams, all 
radiation clinics must have an 
ionization chamber calibrated by an accredited national lab, and they must use that ion 
chamber to calibrate all of their other devices.111  Of these relative dosimetry methods, 
only radiochromic film has a small enough resolution to pick up the subtle variations in 
microbeam distributions, and therefore that is the method that we chose to measure 
absolute dose in our microbeams.  But before we go on to describe the results of these 
measurements, a detailed discussion of the handling and calibration of this film is 
warranted due to the extreme care that must be taken when using an inherently relative 
measurement device as your only dosimeter. 
 
 
 
Figure 5.4:  Diagram illustrating the inability of a 
typical Farmer-type ion chamber to measure the peak 
dose of a microbeam distribution, and definitely the finer 
points of the penumbra and valleys. 
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5.2  Dosimetry using Radiochromic Film 
 
For this work, Gafchromic EBT2 film from Ashland, Inc. was chosen due to its 
stated weak energy dependence, sensitivity in the 0-50Gy range, and ready availability at 
the North Carolina Cancer Center, with whom our group has an active collaboration.  
This film has a 28μm active layer enclosed by an adhesive layer and two polyester 
laminate layers.112  When exposed to X-rays, hydrolysis of the active layer causes 
polymer crosslinking, causing the film to develop varying levels of opacity depending on 
the amount of dose absorbed by the layer.91, 113  A detailed discussion of the chemical 
properties and absorbance spectra of the film is beyond the scope of this work, but these 
properties greatly affect the handling and scanning of the film and thus will be mentioned 
as they are relevant in the following subsection. 
In addition, this film has a marker dye embedded in the adhesive layer that is used 
to enhance the response of the film in certain color ranges to allow for the correction of 
thickness non-uniformities arising during manufacturing.114  Such non-uniformities have 
been quoted to cause imprecision in film measurements of up to 8%, and therefore use of 
all color channels to correct for this is imperative if accurate data is to be had.115  The 
reason this works is quite simple and involves the fact that all film readouts only scan a 
2D map of the opacity.  Therefore, if some parts of the film are thicker than others, they 
will necessarily have more active molecules that were cross-linked by the incoming 
irradiation, and thus become more opaque than thinner portions of the film under the 
same dose.  This is easily corrected if you use a part of the color spectrum whose 
absorbance is relatively insensitive to X-ray exposure to correct for the thickness 
variations as shown in Figure 5.5. 
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Moreover, if a technique known as multi-channel film dosimetry recently 
developed by Ashland, Inc. is used, non-uniformities can be reduced even further.  This 
technique employs the use of an RGB scanner and a dose response calibration curve for 
each of the three color channels.  This method uses a variation of parameters optimization 
technique that takes the RGB value of a point of interest on an irradiated film and 
determines the minimum distance away from the dose response calibration curve plotted 
through the 3D RGB color space, giving back both the distance from the curve as the 
error and the point of minimum separation as the actual dose.114  Once again, a further 
explanation of this method is beyond the scope of this work, and the commercial software 
that Ashland, Inc. uses to enact this method (FilmQA ProTM) was used as a black box for 
most dose measurements in this chapter unless otherwise noted.  Regardless of the 
 
Figure 5.5:  Diagram illustrating the method by which varying film thickness can be accounted for with 
the use of multiple color channels.  Notice that the blue signal only decreases with increasing beam 
thickness while the red signal decreases with both thickness and dose level.  This phenomenon lends itself 
to using the blue channel in a type of background subtraction as a first order correction for film non-
uniformities. 
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robustness of this software and its analyses packages, however, it does not preclude the 
necessity for proper handling and scanning of the film. 
 
5.2.1  Proper Handling 
 
 When using film dosimetry, it is quite important to develop a consistent handling 
and scanning protocol, so as to remove any unnecessary sources of imprecision in film 
development that could lead to imprecision in readout and measurement.  The first part of 
this protocol should involve the storage of the film in an environment free from any light, 
temperature noticeably different from room temperature (22°C), or moisture.  
Gafchromic EBT2 film can withstand any one of these things for small amounts of time 
with little to no effect on the film, but excessive long term exposures to any of the three 
of these can ruin the responsiveness of the film or cause it to prematurely develop.116 
 All of the next steps in proper handling of the film are actually less pertinent to 
the irradiation of the film and more to the readout method.  Because films must be 
scanned very clearly to give appropriate dose response, all films should be thoroughly 
cleaned and free of fingerprints before scanning.  This involves using a lint-free wipe and 
isopropyl alcohol to remove any dirt and debris from the irradiated film.  In addition, any 
residue from the cleaning should be gently buffed off with the wipe.  The scanner area to 
be used should also be cleaned in a similar manner.  As a side note, the film does not 
need to be clean before irradiation, seeing as how X-rays are not greatly affected by small 
smudges, dirt, or debris. 
Secondly, all irradiated films should be cut in a way that mimics the original 
shape of the film sheet, namely, they should all be rectangular and have the same long 
axis as the original film sheet as shown in Figure 5.6a.  The reason for this is rooted in 
the type of molecules that crosslink into polymer chains in the active layer of the film.  
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Because these polymers are linearly polarized in the material, and because most scanners 
use linearly polarized light, the 
orientation of the film on the scanner can 
affect the readout.  As listed by Ashland, 
Inc., all films should be given the 
landscape orientation on the scanner to 
reduce these effects, and if this 
recommendation is followed variation in 
scanning should be less than 1%. 
What is not listed by their 
recommendations on orientation, 
however, is how to place the film in the 
microbeam irradiator.  Due to the fact 
that our beam is linear in nature, it could 
be hypothesized that the polarization of 
the film would play a part in a non-
uniform response depending on 
orientation.  Although we have not 
explicitly found that to be the case, all 
results as shown in this chapter were 
achieved with the long axis of the film 
perpendicular to the microbeam during 
irradiation, the film scanned in landscape 
mode as recommended above, and statistical averaging done along the microbeam line to 
get dose profiles, as was shown in Figure 2.10.  This protocol was followed so as to keep 
with the recommendation of establishing a method and sticking to it and due to the desire 
 
Figure 5.6:  (a) Illustration showing the correct way 
to cut film so as to be able to keep track of its 
orientation.  (b)  Diagram showing the correct 
orientation and location of film placement on the 
scanner bed along with the proper direction of 
microbeams across the short axis of the film. 
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to preclude any possible inconsistencies that could arise from the fact that we have a 
linear source and irradiation field. 
The next points of the protocol are purely related to the scanner.  The first of these 
is that when using an Epson V700 scanner, only the center of the scanner should be used, 
as shown in Figure 5.6b due to the scanning non-uniformities that can arise near the 
edges of the scanner bed.  As long as the film is kept within a small 10cm x 10cm area 
near the center, these effects should be negligible.117  Secondly, before scanning 
irradiated films, the device should have been turned on for at least a half-hour.  In 
addition, it was found that no less than three warm-up preview scans should be performed 
before scanning irradiated film.  As an additional note, all scans should be performed 
with all color and lighting corrections turned off, seeing as how these will distort the true 
scanned color values obtained. 
Finally, images should be scanned as 48-bit color files in the multi-tiff format at a 
resolution to be determined by what is needed for the measurement.  For instance, in 
order to get a very accurate microbeam profile, it may be desired to use 4800dpi 
resolution, corresponding to a pixel width of 5μm.  This will only allow a small film area 
to be scanned, however, since the commercial analysis software, FilmQA Pro, developed 
by Ashland, Inc. will not accept huge data files for analysis.  Therefore, the resolution 
should be lowered with respect to how much area is scanned.  As a rule of thumb, 
2400dpi turned out to be more than sufficient when measuring microbeam profiles, while 
as low as 72 dpi can be used when making calibration curves as will be described in 
detail in the next subsection. 
One last extremely important point must be made before moving on to the 
calibration, though, and that is that the opacity of the film grows logarithmically with 
time after exposure.112, 116  Therefore, when calibrating the film as described below, all 
films irradiated must be scanned at the same length of time after irradiation, plus or 
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minus around 5% of the delay.  For example, if irradiation takes one hour to complete, it 
is probably best to wait 24hrs to scan the film, so that the one hour of irradiation is at 
most 5% of the time the film was allowed to develop.  This also has the consequence that 
whenever the calibration was taken after the calibration films were irradiated, so must all 
future irradiated films be scanned after a similar length of time after initial irradiation has 
passed.  Basically, if a 24hr delay is used between irradiation and scanning of calibration 
films, the same delay must be taken for all future films to be analyzed with that 
calibration curve. 
 
5.2.2  Calibration to Ion Chamber 
 
 As described in the introduction to this section, all methods of relative dosimetry 
must be calibrated to a known absolute dose in order to be effective dosimeters.  This 
calibration is achieved by placing the relative dosimeter, in this case film, in the exact 
same environment as a well-calibrated ion chamber and effectively anchoring the signal 
produced on the film to the known dose readout given by the ion chamber.  With regard 
to film dosimetry, every batch of film is different and thus must be considered a separate 
and new relative dosimeter for which a separate calibration curve must be made.  
Therefore, every time a new batch of film is required, the following procedures must be 
repeated and followed if accurate dosimetry is desired.  Moreover, the calibration must be 
conducted using the same operating parameters as normal.  In this case, that 
corresponded to an accelerating anode voltage of 160kV, pulse width of 500μm, cathode 
current of 48mA, and duty cycle of 8%. 
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 Before calibration can begin, a previously calibrated ion chamber and 
electrometer combination must be acquired.  For this study, we used a RadCalTM 10X5-
0.6CT Farmer-type ion chamber 
with a MDH-1015C control unit.  
This ion chamber was chosen 
because of the relatively small 
size of the active volume and the 
fact that it is specified for use in 
beams around 150kVp.  To make 
sure this system was accurate, the 
ion chamber and control unit were 
cross calibrated to a separate 
RadCalTM system calibrated by 
the radiation safety department at 
UNC-CH.  In order to ensure 
identical conditions of irradiation, 
both active volumes were placed 
far beneath the uncollimated beam 
on the optical table as shown in 
Figure 5.7a, with their axial 
centers placed at the same height 
and lateral position within the heel 
of the beam emitted from the 
window.  They were also both 
exposed with several inches of plastic directly beneath them to ensure identical scatter 
conditions.  Initially, it was found that their measurements were off by 10%, but after 
 
Figure 5.7:  (a) Photograph displaying the side-by-side 
placement of ion chambers during cross calibration and the 
coincident orientation of their long axes along the strip of 
irradiation produced by the X-ray device.  (b) Another 
photograph showing the placement of the two ion chambers 
far below the tube and on top of backscattering plastic.  Note 
the much larger size of the ion chamber from the radiation 
safety department and the plastic used to raise the smaller one 
so that their long axes are coincident.  Also note the 
connection of the larger chamber directly to its controller 
electronics to the left, which had to be shielded for calibration 
to be successful. 
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shielding the control unit of the dosimetry system from radiation safety, which was 
located directly off-picture to the left in Figure 5.7b and thus in direct line of sight to 
some of the focal line, they agreed to within 1%. 
 After verification that the new dosimetry system was well-calibrated, the film 
calibration curve relating scanned film signal to exposure could begin.  The purpose of 
this calibration is to expose both the ion chamber and the film to the exact same dose 
simultaneously, thereby creating a film which is referenced to a known dose.  After 
making several of these films 
at different dose levels, a plot 
of points can be created that 
specifies what level of 
scanned response value on 
the film corresponds to what 
dose.  Finally, a fit function is 
constructed through these 
points to allow any scanner 
value to be converted to a 
calculated dose.  Because this 
process determines the 
accuracy of all subsequent 
film measurements and 
because well-calibrated film 
is the only commercially 
available dosimeter that is 
capable of full characterizing 
our beam, extreme care was 
 
Figure 5.8:  (a) Diagram illustrating ion chamber tip and center of 
measurement.  Film was placed at the same height in the field as 
the central axis.  (b) Photograph displaying ion chamber placement 
in field during film calibration and location of film holder directly 
next to chamber.  Actual film holder is shown in the next figure. 
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taken in the procedures that follow. 
The first point that was made in the set up of the calibration procedure was to 
ensure that the height of the film in the beam was exactly coincident with the center of 
the ion chamber as shown in Figure 5.8a.  This is due to the fact that the geometric center 
of the ion chamber’s active volume is well-established as the accepted discrete point of 
measurement for ion chambers in kilovoltage beams, in direct contrast to its location 
slightly upstream of the central axis of the ion chamber when using megavoltage beams.  
This process ensures that the flux received by the film is identical to that of the ion 
chamber and is not affected by the inverse square falloff of our divergent source. 
It should also be noted here that the film and the ion chamber were placed side by 
side in the chamber as shown in Figure 5.8b.  This makes it so that any off-axis effect of 
the beam in the direction parallel to the focal line would slightly contaminate the 
measurement, but this could not be avoided due to the fact that the film and chamber 
could not be in the same place at the same time.  As an additional complication, with the 
ion chamber set up in this manner, the full effect of the heel of the radiation would be 
averaged across the entire ion chamber.  But, due to the frame of the X-ray chamber 
stand, this was the simplest way to orient the ion chamber, and thus this effect was 
neglected.  As it turned out, though, this provided a good benchmark for choosing which 
portion of the irradiated film to use for calibration, as will be explained shortly. 
The film itself was placed between two pieces of plastic that were measured to be 
1.09mm thick as shown in Figure 5.9a.  The purpose behind this was two-fold.  The first 
was so that the active layer of the film would be assured to be in CPE conditions based 
upon the maximum electron range caused by a photon of 160kV Compton scattering an 
electron in the plastic material.  That range was calculated by determining the electron 
kinetic energy after a backscattering photon event through the use of the equation 
below.60 
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Afterwards, the CSDA (continuously slowing down approximation) range of an 
electron with the calculated maximum energy of 62keV was looked up in the NIST 
database to be 60μm in water.118  Therefore CPE was more than assured in the plastic-
film sandwich and actually would be assured within the structure of the film itself with 
no surrounding material at all due to the minimum 80μm thickness of the outer film 
layers.  The second reason for the sandwich was so the film would experience the same 
level of flux that the air inside the ion chamber experienced.  The active volume of the 
ion chamber experiences both a small amount of attenuation from the front surface of the 
chamber along with a small enhancement due to photon backscattering from the rear 
surface of the chamber.  Therefore, placing the film in a similar situation would best keep 
the calibration as accurate as possible. 
As seen in Figure 
5.9b, the ion chamber itself 
has a 1/16” wall with roughly 
about a third of this wall 
made up of free space.  This 
constitutes about 1.06mm of 
material, and given that the 
material is supposed to be of 
unit density and that the 
1.09mm of plastic was 
determined to have a density 
roughly 5% lower than water, 
it was a very good fit for 
 
Figure 5.9:  (a) Photograph illustrating plastic film holder.  Notice 
the two thicker pieces holding up the thinner pieces making up the 
film sandwich.  The thick pieces ensure the proper height of the 
film.  (b) Cross section of the ion chamber displaying the inner 
diameter of the active volume.  Note that the outer diameter was 
measured to be 0.375”, making each wall 1/16” thick.  Also note 
the small air gap between the inner and outer walls of the chamber. 
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providing an encasing material for the film.  As before, it should be noted that since we 
are using a kilovoltage beam, the buildup effect seen in megavoltage beams is essentially 
absent, happening within the first few hundred micrometers of material and thus not an 
issue for this setup. 
In order to make sure 
that the entire ion chamber 
was underneath the X-ray 
field, the ion chamber was 
placed in exposure rate 
measurement mode and was 
slowly pulled in and out of 
the field until a maximum 
value was achieved as shown 
in Figure 5.10a.  Then, it was 
verified that moving a small 
amount in either direction 
would not change drastically 
change the measurement.  At 
the height measured with the 
center of the ion chamber at 
124mm from the focal line, it 
was verified that moving the 
chamber 1mm in either 
direction kept the same 
exposure rate of 152R/min, 
but moving more than this 
 
Figure 5.10:  (a) Diagram illustrating how the ion chamber was 
translated in and out of the beam until a position was found in 
which the signal did not change, indicating the whole chamber was 
within the field.  (b) Scanned film image showing how the 
selection of the active area as simultaneously irradiated by the ion 
chamber was made.  Note the discontinuities in the field on the left 
and right sides arising from the edges of the X-ray window.  (c) 
Graph of the selected region clearly showing the heel effect across 
the width of the window. 
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precipitated a sharp drop in the rate.  Afterwards, it was verified with scrap film that the 
ion chamber was being completely covered by the radiation field. 
Once the ion chamber was correctly placed, the calibration process could begin.  
Eleven points of different exposure were tacked to eleven different swatches of film.  
These films were processed as listed above, and then cropped to only average the portion 
of the field as also seen by the ion chamber.  In this regard, the fact that the ion chamber 
just barely fit in the field was quite useful, since it allowed for easy selection of the area 
of interest on the film as shown in Figure 5.10b.  As can be seen here, there are some 
scattering and non-uniform attenuation effects seen at the edges of the film due to the 
structure of the X-ray window that were subtracted away and assumed to be outside the 
field seen by the ion chamber since the measured dose rate was uniform in a small area 
under the beam.  In addition, it can also be seen in Figure 5.10c that there is a rather large 
heel effect across this region.  As mentioned before, this could not be helped, and because 
dose does not scale linearly with the raw values shown here, this heel would slightly 
contaminate the calibration. 
This is due to the fact that the next step in calibration involves averaging the RGB 
pixel value across the entire image for each of the cropped portions of film shown in 
Figure 5.11 and associating each average pixel value with its corresponding exposure 
value measured with the ion chamber.  These eleven values and their associated pixel 
values for our most recent calibration are shown in Table 5.1.  This table is then placed 
into FilmQA ProTM, which constructs a calibration curve for each of the three color 
channels as shown in Figure 5.12.  These curves can also be constructed in any 
mathematical program such as MatLab, provided the proper fitting function is known.  
This gives the added benefit of knowledge of the coefficients used in the fitting process 
 
Figure 5.11:  Film images displaying the eleven chosen levels of irradiation used during calibration. 
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along with statistical measures of goodness of fit.  If this data is found to be necessary, 
the fitting function that has been determined by Ashland, Inc. to be most accurate is a 
simple rational fit as shown in the formula below.119 
 
ܺ = ܽܦ − ܾ + ܿ  5.3 
In this formula, X represents the raw scanner value for a particular color and D 
represents the measured dose value.  The reason X is on the vertical axis is due to the fact 
that it is technically the physically dependent variable, since we deliver a certain dose and 
an amount of film darkening occurs.  And, it just so happens that numerically calculated 
fits always seem to be best when the data is collected in this manner.  This might be a 
problem if it weren’t for the incredible ease of inverting this type of function, which only 
requires switching the values for b and c, which are shown for the most recent calibration 
in Table 5.2.  In addition, it has been found by various studies that this type of function 
fits the data much better than polynomial fits and can be accurately employed to within a 
Exposure 
(Roentgens) 
24 hours 72 hours 
Red Green Blue Red Green Blue 
0 50026 47384 26012 50026 47384 26012 
101 39633 41059 24275 39170 40935 24435 
302 29043 32876 21911 28745 32741 21992 
501 23811 27856 20321 23637 27808 20331 
751 19631 23141 18477 19436 23101 18508 
998 16953 19731 17080 16729 19650 17092 
1251 15001 17160 15824 14849 17162 15841 
1501 13793 15371 14942 13559 15201 14877 
2997 9827 9001 11097 9769 9038 10982 
4494 8181 6416 8732 8093 6371 8678 
6015 7051 4836 7107 6983 4822 7068 
Table 5.1:  Presentation of the most recent film calibration data as scanned at both 24 and 72 hours after 
irradiation.  Scanning calibration films at different times after irradiation gives flexibility as to when 
actual experimental films can be scanned to give dose data after experimentation.  Notice the drop in 
signal of both the red and green channels signifying darkening of the film over time. 
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5% error with only a few points given that those points are extremely accurately 
known.119  But due to the fact that our points are not very accurately known to their 
corresponding dose values because of the weaknesses in setup listed earlier, we used an 
exhaustive number of points. 
The choice of these points was based upon the fact that in our dose distributions 
we need to be able to accurately measure both high dose and low dose in order to 
evaluate the dose in both the peaks and the valleys of the radiation pattern.  Therefore we 
used an abundance of points in both the higher end of the sensitivity range of the film and 
the lower end.  As a side note, it should be mentioned here that even when using the 
triple-channel film dosimetry option of FilmQA ProTM, the agreement between channels 
breaks down at doses over about 15 or 20 Gy as shown in Figure 5.13.  Based on this 
 
Figure 5.12:  Calibration curve as constructed by FilmQA ProTM for our most recent calibration at the 
24hr post-irradiation time point. 
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fact, triple channel film dosimetry is used to get a calculated RGB point, but then one of 
the colors must still be chosen to determine actual peak dose. 
Due to this fact, we used the single channel dosimetry recommendations of 
International Specialty Products, Inc. to determine which channel to use in which range; 
using red for doses below 8Gy, using green for doses between about 8 and 20Gy, and 
using blue for anything over 20Gy.112  The reason for these values should be clear when 
examining the calibration curves in Figure 5.12, which clearly shows that the red channel 
has the most variation of raw value in 
the low dose range, green has the most 
variation across the board, and that red 
completely fails in the high dose range, 
while blue still has significant variation.  
It is also noted that green still has 
considerable variation in this range, but 
it was found that when using triple 
channel optimization, the green value is 
contaminated more by lack of the red 
value sensitivity than the blue, thus 
allowing blue to conform more to 
expected dose levels. 
 
Fitting 
Parameters 
24 hours 72 hours 
Red Green Blue Red Green Blue 
a 147300 309700 373800 143300 307100 375500 
b -3.28 -6.56 -15.85 -3.20 -6.51 -15.80 
c 4898.0 -105.3 2102.0 4929.0 -70.1 2000.0 
R2 0.9997 0.9999 0.9985 0.9995 0.9998 0.9992 
Table 5.2:  Fitting parameters for the most recent calibration as acquired by MatLabTM. 
 
Figure 5.13:  Graph created by FilmQA ProTM of a 
recent microbeam as created by our source.  Notice that 
the color channels begin to separate at around 15 or 
20Gy, indicating the saturation of the red channel. 
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5.3  Dose Rate Measurement 
 
After the calibration above was conducted, the first task of our freshly calibrated 
relative dosimeter was to take a basic measurement of the microbeam dose rate of the 
prototype device.  These measurements had been taken before, but never with a 
dosimeter that was directly calibrated in our own broad beam.  But before continuing 
with the method and results of this experiment, it should be noticed that all the ion 
chamber and calibration measurements taken above were listed in conventional units of 
exposure, or Roentgens (R).  This is due to the fact that although a conversion from 
exposure to dose in air is quite simple and only involves the relationships as listed in the 
first section in this chapter, we want a conversion to equivalent dose in tissue, which 
requires quite a bit more work. 
Once the dose in air is known, it is possible to convert to absorbed dose in water, 
which is the commonly used surrogate for living tissue in hand-calculations for 
estimating dose in clinical radiation therapy applications.  This possibility hinges on 
knowing quite a bit about the spectrum of the incoming radiation, though, and involves 
the stricter definition of collision kerma as defined in the equation below, which directly 
employs the energy flux of the incoming radiation.60 
 
ܭ௖ = 	෍ݓ௓ න Ψᇱ(ܧ) ൬
ߤ௘௡
ߩ ൰ா,௓
݀ܧ
ா೘ೌೣ
ாୀ଴
 5.4 
In this equation, Ψᇱ(ܧ) technically refers to the differential spectrum of the 
incoming photon energy flux and (ߤ௘௡ ߩ⁄ )ா,௓ is the cross section per unit density of all 
interactions that result in collisional energy absorption in the material designated by Z 
and at the photon energy designated by E.  Finally, ݓ௓ refers to a weighting factor to 
account for the different constituent elements in the material.  Because this equation tends 
to be intractable for practical purposes, we assume the material is simply water and that 
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the mass-energy absorption coefficient, (ߤ௘௡ ߩ⁄ )ா,௓ , is measured for water as a whole.  
Moreover, we also assume that the entire spectrum can be condensed into a single 
effective energy.  With these assumptions and given CPE conditions, the relationship 
between absorbed dose in water (labeled Dw) and absorbed dose in air is as follows. 
 
ܦ௪ = ܦ௔௜௥
(ߤ௘௡ ߩ⁄ )௪
(ߤ௘௡ ߩ⁄ )௔௜௥ 
5.5 
 Therefore, the ratio of the mass energy absorption coefficients for the two 
materials is what we need to convert between dose in water and dose in air given that the 
photon energy spectrum can be simplified into an effective energy.  As it turns out, 
however, this has been deemed too much of a simplification for dose calculation to stay 
within a small enough error to be acceptable for the irradiation of human subjects by the 
American Association of Physicists in Medicine (AAPM).  Therefore, instead of using 
the method above to achieve our conversion factor, although it would have probably been 
just fine for our early purposes, we went ahead and got some experience using the 
recommended protocol for determining this conversion for radiation treatments to be 
used on humans.  This protocol was developed by task group number 61 of the AAPM 
and is especially for the dosimetry of orthovoltage X-ray beams in the range between 40 
and 300kVp.120  Even before this was done, however, one more experiment was done 
with the ion chamber to verify a well-known property of the amount of X-ray flux 
generated from a reflective anode. 
 
5.3.1  Verification of Exposure vs. kV 
 
 Recalling Equation 2.5 as described in chapter two, the dose output of an X-ray 
tube should scale as the square of the anode voltage used.  Because this conversion failed 
miserably when trying to use it to scale up from our pilot study for this project using our 
 220 
 
micro-CT scanner, though, it was called into question as to whether it would work when 
only converting between 
voltages used in the same 
device even though the 
validity of this relationship is 
well-known in the medical 
physics community.  This 
was due to the fact that our 
systems are, in fact, different 
from conventional X-ray 
tubes in some very important 
ways as described in the first 
chapter.  Moreover, our second compact MRT device under construction was to have a 
higher voltage based on this relationship, and therefore we wanted to make sure that the 
added insulation distances necessary for the increased voltage were worth the gains in 
flux and penetration depth. 
 In order to test this relationship, the ion chamber dosimeter was positioned in the 
beam as described in the section above and illustrated in Figure 5.10a after finding the 
approximate beam position using a strip of XR-QA film.  This film was used because the 
tube was not run at full power for this experiment, so as not to wasted cathode lifetime 
unnecessarily.  Otherwise, the device was run at the same current parameters as normal, 
using 48mA of cathode current at a 0.5ms pulse width, except with a duty cycle of 1% as 
opposed to 8%.  The height of the ion chamber in the field was not measured, due to the 
fact that this experiment was only to verify this relative conversion, and therefore other 
variables need not be identical to past and future experiments, only consistent within this 
set of tests. 
 
Figure 5.14:  Figure displaying exposure rate vs. anode voltage for 
our X-ray device.  Note the negative intercept and the small linear 
component as explained in the text.
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As can be seen from Figure 5.14, the results of this experiment were 
unremarkable, displaying an 
almost perfect quadratic 
relationship between anode 
voltage and resulting exposure.  
When examining the resulting 
fitted equation, it can be seen that 
there is noticeable added linear 
component and a constant 
amount of exposure lost.  The 
most obvious reason for these 
phenomena is the inherent 
filtration of the system.  If the 
theory behind the quadratic 
relationship is examined more 
closely, it is found that the reason 
output varies quadratically with 
accelerating voltage is rooted in 
the fact that in a transmission-
based anode, output varies 
linearly with increasing 
accelerating voltage giving an output spectrum as shown in Figure 5.15a.59 
With a reflection-based anode, though, more layers of anode are penetrated by the 
incoming electrons, producing more bremsstrahlung radiation with each successive layer 
penetrated, but losing more kinetic energy in the process.  This makes for a stack of 
transmission-anode type output spectra as shown in Figure 5.15b, and thus, gives the 
 
Figure 5.15:  (a) Energy spectrum of photons resulting from 
electrons with initial kinetic energy To bombarding a thin 
transmission target.  (b) Photon energy spectrum from same 
electrons bombarding a thick target.  Notice how with each 
layer of the target, the electrons lose energy, starting from To 
and then moving to T1 and so on, each time losing ΔT as 
moving onto the next layer of material.  This makes for a 
triangular spectrum of total radiant energy emerging from the 
anode as shown. 
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usual triangular shape of energy output from a reflection anode.  If this spectrum was 
unfiltered, it can easily be deduced that this triangle would grow in area strictly as the 
square of the accelerating voltage in the tube.  But with filtration, this spectrum has a 
certain amount of X-rays that 
simply will not make it outside 
the chamber.  The lower energy 
X-rays created will be lost when 
trying to escape the shallow 
depths of the tungsten anode in 
which they were created, and 
even if some of them do, they 
will almost certainly be 
eliminated in the stainless steel 
window, giving a virtual cutoff of 
all energies below a certain level 
as illustrated in Figure 5.16a.59, 60  
This explains the negative 
intercept of the graph, while the 
linear component is simply 
explained by the fact that there is 
a median energy slightly above 
this cutoff where the quadratic 
effect of the anode voltage and the non-linear cutoff of the inherent filtration are 
competing, providing a still positive dependence on anode voltage, although weaker than 
the main quadratic dependence, as shown in the more accurate Figure 5.16b. 
 
Figure 5.16:  (a) Diagram illustrating the effect of intrinsic 
filtration of photons leaving the anode when viewed at a 
projection angle, which is also responsible for the heel effect, 
and the added filtration of X-rays in the stainless steel window.  
(b) Diagram illustrating the more physical manifestation of this 
filtration, leaving a total energy that grows both quadratically 
and linearly with anode voltage. 
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Regardless, the main component here is the quadratic one, as can easily be seen 
by using the base level quadratic relationship to scale-up between our current device and 
the one in production that will be capable of achieving an anode voltage of 225kV.  
Using the typical purely quadratic relationship, the increase in dose rate should follow a 
factor of 1.9775.  If we instead use the fit here to calculate the dose rate of the new 
system, we get a factor of 1.9772, clearly indicating conceptual safety in following the 
simpler quadratic relationship and verifying our initial assumptions. 
 
5.3.2  Exposure-Dose Conversion and HVL Measurement 
 
 After this verification was done and the calibration performed, the collimator was 
put back on the MRT device and aligned as described in the final parts of chapter four.  
But in order to have a real dose measurement from the calibration, the conversion factor 
between dose in air and water still needed to be determined.  Using the AAPM protocol 
 
Figure 5.17:  Diagram illustrating the necessity for a narrow beam and small measurement point when 
measuring attenuation.  Notice that if the measurement point is too large or the incoming photon field is 
too large, scattering in the attenuator can cause in-scattered photons to inaccurately augment the 
measurement of photons that actually made it through the attenuator without interacting.  This can also be 
rectified by having the measurement point be quite far from the attenuator. 
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listed above, it became clear that in order to make use of the measurements set forth by 
this task group, we would need to know the first half value layer (HVL) of our radiation 
as measured in aluminum.  
The HVL is defined as the 
amount of material needed to 
halve the flux output of the 
device when measured in a 
narrow beam configuration.  
This configuration is 
necessary to prevent in-
scattering during 
measurement that would 
boost the apparent 
transmission through the 
attenuating material if the 
beam is too broad as shown 
in Figure 5.17. 
 However, because our 
X-ray tube is not on a gantry, 
though, we could not employ 
the large distances 
recommended for use in this 
measurement.  Therefore, we 
instead used our newly 
calibrated film instead of the 
ion chamber to perform this measurement using the microbeam, with the justification that 
 
Figure 5.18:  (a) Photograph displaying the aluminum HVL 
phantom and the film strips used to verify that the microbeam 
passed through the steps appropriately.  (b) SolidworksTM diagram 
illustrating the placement of the acrylic layers and measurement 
film underneath the HVL phantom with a microbeam shown 
passing through the entire assembly. 
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the microbeam should provide a sufficiently narrow beam to ensure very little if any in-
scatter contamination of the measurement regardless of its source.  Moreover, if any 
background exposure on the film was measured after the experimentation, it could simply 
be subtracted from the peak exposures in the microbeams. 
In order to have this 
experiment go smoothly, a 
custom aluminum step 
phantom as shown in Figure 
5.18a was created to be able to 
easily change the amount of 
aluminum attenuation by 
simply translating the phantom 
through the beam.  A long strip 
of EBT2 film was sandwiched 
between two long, 3mm thick pieces of acrylic and this sandwich was clamped beneath 
the phantom as shown in Figure 5.18b with a 3mm air gap between the bottom of the 
phantom and the first layer of acrylic.  This configuration was to ensure that there would 
be no effects from medial interfaces in the measurement and to ensure proper CPE 
conditions in the film, but as calculated above, this was only a precaution and not strictly 
necessary.  Strips of film as seen in Figure 5.18a were also taped to the top of each step to 
ensure that the beam crossed the proper step also as shown in Figure 5.18b and that the 
calculated translation between irradiations was correct.  Each step was an additional 0.1” 
higher than the one before, with the maximum amount of aluminum attenuation on the 
top step being 1” thick.  After experimentation was done, one last film was irradiated at 
the same distance from the focal line of 129mm and with the same plastic backing used 
with the aluminum phantom.  This film was used as the zero attenuation point. 
 
Figure 5.19:  Diagram illustrating how X-rays originating from 
the edges of the long focal line pass through more aluminum in 
the HVL phantom.  Notice that the path length of d’ is 
considerably longer than the path length of d.  This phenomenon 
is the origin of the distance weighting equation seen below. 
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All lines of irradiation were produced using typical anode voltage and pulsing 
operating parameters, 46.5mA of cathode current, and 14.1 +/- 0.2 minutes of beam on-
time.  This error estimate is due to the ramp-up time involved before irradiation.  Also, in 
order to correct for the fact that all points on the focal line that create the microbeam 
exposure would not be traversing the same amount of aluminum as shown in Figure 5.19, 
a weighting factor had to be formulated to account for the extra aluminum traversed by 
the outer parts of the focal line based on the relative amounts of known anode current in 
each focal line segment as shown below. 
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Within this formula, current was integrated over each focal line segment, with ܫ௡ 
representing the total current in the nth focal line segment and dn representing the lateral 
distance of the center of that focal line segment from the center of the focal line as a 
whole.  This distance is equal to 33(n – 3).  The various numbers in this formula are 
based on the geometry of the system, with 129mm being the distance from the source to 
the film as quoted above, 
30mA being the total 
current on the anode and 
thus the normalizing factor 
for In, and 30mm being the 
length of each focal line 
segment and the necessary 
factor to make dx unitless 
as well.  The reason for the 
inclusion of the reciprocal 
of cos(8°) is due to the fact 
 
Figure 5.20:  Graph displaying normalized exposure measurements of 
microbeams passing through various thicknesses of aluminum.  As 
can be seen here, the 1st HVL is reached at 7.5mm Al. 
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that the entire plane of the microbeam is slanted at an 8° angle to the vertical.  After 
calculation, this weighting factor was determined to be 1.17 +/- 0.17 and therefore 
relative error bars of 15% were placed on the attenuation distances in the results.  Finally, 
before the results were normalized to the exposure acquired with no aluminum and 
graphed as seen in Figure 5.20, an even larger error estimate of +/- 10% of the measured 
dose also had to be enacted due to observed non-uniformity in collimator transmission as 
seen in Figure 5.21.  This problem was found to be based on total device on-time and will 
be discussed in the final section of this chapter. 
After this post-processing of the data was done and the results were tabulated and 
graphed, the HVL was determined to be 7.5mm through linear interpolation of the dose 
data.  Based on this measurement, the factor to convert to dose in water from dose in air 
was also calculated with linear 
interpolation to be 1.042 based on 
values listed in Table IV of the 
AAPM protocol, and when 
multiplied by the conversion from 
exposure to dose in air we 
obtained an f-factor of 
0.913Gy/R.  Afterwards, also 
based on recommendations from 
the protocol, the use of a 
backscatter correction of our dose 
rate was contemplated.  But after 
consideration of the beam size 
and that this backscatter factor is 
typically quite dependent on beam 
 
Figure 5.21:  Dose profile displaying the microbeam shape 
encountered during this experiment and the cause of exposure 
uncertainty.  Towards the beginning of device on-time, this 
profile was symmetric and only developed this shape after 
more than ten minutes of irradiation. 
 228 
 
size, it was decided that this correction was unnecessary and thus assumed to be unity.  
This is due to the fact that this correction deals with photon backscattering into the 
volume of interest and depositing additional dose, which is exceedingly unlikely given 
the typical 300μm size of our microbeams as illustrated in Figure 5.22. 
For instance, if you approximate the mean energy of our X-ray spectrum to be 
60keV, the energy of one of these photons after backscattering through an angle of 90° to 
180° would be roughly 50keV as calculated with the Compton photon scattering formula.  
The mean free path of X-rays with this amount of energy is well over 40mm in water.99  
Based on this calculation, the amount of solid angle available to this photon if it were to 
deposit its dose back into the microbeam region would be roughly 0.015 steradians.  
Assuming that the distribution of scatter is uniform 
across all angles at these energies, which is actually 
slightly more generous than the physics would indicate,60 
only roughly 0.1% of photons would contribute to a 
backscatter factor. 
 
5.3.3  Dose Rate Experimentation and Results 
 
 After making the film calibration curve and 
determining the conversion factor between the measured 
exposure in air and dose in water, we were finally ready 
to measure the dose rate of our compact MRT device.  In 
order to do this, film was sandwiched between two 3mm 
sheets of acrylic to completely ensure geometric 
environmental conditions similar to those in tissue and 
placed at a distance of 124mm from the focal line.  In 
 
Figure 5.22:  Diagram illustrating 
the negligibility of backscattered 
photons contributing to absorbed 
dose in microbeams.  As per the 
explanation in the text, the angle 
between the two photons pictured 
here makes up too small a portion 
of the total scattering cross section 
to contribute to additional dose 
within the microbeam path. 
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addition and as was done with all films prior, special care was taken to keep this film 
sandwich suspended freely in space and not directly on top of any metal backscattering 
material that could contaminate the measurement.  This film was then irradiated as shown 
in Figure 5.23a with four widely separated microbeams with varying amounts of beam 
on-time to make sure dose rate was consistent with device on-time and possible heating 
effects.  Afterwards, film was scanned in accordance with the procedures above and the 
peak dose in each microbeam was plotted vs. beam on-time as shown in Figure 5.23b, 
and a regression line was fitted through the data.  This measurement did not require 
simultaneous peak and valley dose readings or high levels of spatial resolution, but rather 
needed a consistent reading across medium peak dose levels.  Therefore, single-channel 
dosimetry was employed using only the green channel.  As can be seen from the figure, 
the dose rate in this configuration was 1.02Gy/min and the fit was nearly perfect. 
 The dose rate data was taken using an anode voltage of 160kV, a cathode current 
of 48mA, and a duty cycle of 8%.  The distribution of anode current corresponded to the 
modified version after cathode three was decommissioned, with 7mA from segments 1 
and 5 and 8mA from segments 2 and 4, but before the collimator was realigned to only 
these segments.  This is in contrast with the HVL data taken above, which was taken 
before cathode three was decommissioned and with anode current values as listed in 
Table 4.1.   These differences should have had little effect on the HVL measurement, 
though, and were therefore disregarded.  But because the collimator was readjusted after 
the dose rate measurement was taken, another single dose rate film was taken afterwards 
with the same running parameters and an on-time of 10mins.  The result of this 
measurement, again using only the green channel, is shown in Figure 5.23c and showed a 
dose rate of roughly 1.16Gy/min and a FWHM of 320μm at 124mm from the source. 
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For this measurement, 
however, only the 1.1mm of 
plastic used in calibration was 
used to encase the film so that 
an approximate measurement 
of the collimator dose 
reduction factor could be 
determined.  Based on the 
exposure rate of 152 +/- 
2R/min acquired during film 
calibration, which was 
measured using exactly the 
same running parameters this 
newly aligned microbeam, 
the collimator dose reduction 
factor should be 83.5 +/- 
4.7%.  This value could be 
caused by the imperfect 
collimator transmission of the 
slightly offset focal line 
discussed at the end of 
chapter four.  It could also be 
caused by the extremely 
small field size, though, 
which is known to 
significantly reduce dose 
 
Figure 5.23:  (a)  Scanned image of the film irradiated for 
different amounts of time to measure the dose rate.  (b) Graph 
displaying the four measurements of dose vs. the on-time used to 
produce them.  (c)  Dose profile of our microbeam after the 
decommissioning of cathode three and the realignment of the 
collimator.  Notice the stark difference between this beam shape 
and the previous one.  This would be the shape encountered in the 
entire remainder of the device lifetime. 
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when compared to larger field sizes where phantom and collimator scatter factors 
contribute to additional dose deposition.57 
Finally, the fact that the peak dose rate measured in this most recent film is 
slightly larger than the previous measurement could simply be attributed to the decrease 
in attenuation, and thus still agrees quite well.  As a matter of fact, this point highlights 
the need for a way to convert between dose estimates at various depths in the field and 
depths in tissue, given that we have both a divergent source whose dose output depends 
greatly on distance from the focal line and a fairly low energy level that causes weak 
penetration through tissue.  Therefore, experiments to address these issues were 
conducted, with the methods and results of their implementation discussed at length in 
the next section. 
 
5.4  Other Measured Quantities of Interest 
 
For accurate dose estimates to be given for internal dose delivered during small 
animal experiments, a treatment planning system must be developed that can predict dose 
distribution in tissue given the layout of anatomical structure.  This is typically 
accomplished by first determining this structure and underlying electron density with a 
proven imaging method such as computed tomography and then through detailed Monte 
Carlo simulations of the photon interactions and energy deposition caused within that 
structure when the therapeutic radiation is administered.4  Before this can be 
accomplished, however, a great deal of information is taken detailing the interaction of 
the treatment beam with a simple water phantom.  The purpose of this information is to 
calibrate the treatment planning system and treatment machine to known dose 
measurements in a uniform material similar to tissue.57 
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Therefore, in the hopes of creating the basis for an eventual treatment planning 
system for our MRT device, we took a large set of similar measurements using EBT2 
film.  In doing this, we would not only allow for hand calculations of accurate dose 
estimates in live animal experiments, but would also be able to compare phantom 
experiments as taken in different conditions as noted at the end of the last section and 
provide a full-scale dosimetric characterization of device output similar to the device 
characterization detailed at the end of the last chapter. 
 
5.4.1  Distance Correction 
 
 Perhaps the most important experiment of this group was the determination of 
how our microbeam output 
depended on distance from the 
source (and the microbeam 
collimator).  Because our 
beam is divergent, unlike 
synchrotron sources, it is clear 
that the magnitude of the 
delivered dose will decrease 
with distance and the width of 
the beam will increase.  
Therefore, a thorough 
measurement of how these 
parameters depended on 
distance was quite necessary. 
 
Figure 5.24:  Photograph showing the sample stage used to 
translate a film strip vertically in the microbeam path.  The entire 
stage was attached to the longer, horizontal sample stage for the 
MRT device and moved 5mm between irradiations to separate 
measurements at different vertical positions on the film. 
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In order to carry out this measurement, a custom stage was developed, as seen in 
Figure 5.24.  This stage positioned a film strip sandwich, as used in the HVL experiment 
described in the last section, at a user-specified height beneath the microbeam collimator 
using a TRA25-PPM actuator, Model 423 translation stage, and two 360-90 angle blocks 
from Newport, Inc.  The film strip sandwich was fastened to the custom stage and 
irradiated at eleven points between 30mm and 5.5mm from the bottom of the collimator 
alignment system.  This translates to distances between 124mm and 99.5mm from the 
focal line itself.  Between irradiations, the entire custom vertical stage was translated 
horizontally by a full 5mm to ensure no contamination between microbeam dose profiles 
on the film, as shown in Figure 5.25.  Because the range of the TRA25-PPM is only 
25mm, after moving through the range listed above, the entire stage was dropped by 1” 
by removing the aluminum lift blocks that can be seen in Figure 5.24 from underneath the 
assembly.  Then, the experiment was repeated, now giving information about the dose 
and beam profile between 124mm and 148.5mm from the focal line. 
All irradiations were performed under the same operating conditions used during 
the HVL experiment above except for the beam on-time was limited to 7.2 +/- 0.1mins.  
After experimentation, films were handled and scanned using the procedures listed above 
and analyzed using triple channel dosimetry to accurately measure the beam width at 
different source to film distances.  These distances correspond to different source to axis 
distances (SADs) on typical treatment devices, and therefore from here on will be 
 
Figure 5.25:  Scanned film strip of microbeam dose profiles at different SADs.  Note the decrease in dose 
and the increase in FWHM as the distance from the focal line is incrementally increased, starting from 
124mm on the left and moving to 148.5 on the right. 
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referred to as such.  The peak microbeam doses as measured by FilmQA ProTM were then 
normalized to the dose at 124mm and plotted vs. SAD in Excel as shown in Figure 5.26a. 
Due to the problem of the slight beam deformation mentioned above, the beam 
shapes of both 124mm measurements were different from the others because they were 
the first irradiations performed in both series of measurements and thus did not show the 
typical beam deformation.  In addition, the dose measurement at 119.1mm displayed an 
unexplained drop in dose 
when compared with the 
global trend.  Therefore to 
make the plot shown, the peak 
dose measurements at 124mm 
were thrown out and replaced 
with the average dose of the 
121.55mm and the 126.45mm 
measurements, and the 
119.1mm measurement was 
replaced with the average of 
the 121.55mm and 116.65mm 
measurements, as illustrated 
in Figure 5.26b.  After these 
alterations were made, the 
resulting dose of eleven 
equally spaced points were 
plotted vs. their SADs and 
normalized to the interpolated 
dose value at 124mm SAD to 
 
Figure 5.26:  (a) Plot displaying relative dose vs. SAD.  Note the 
linearity of the data and that this provides a sort of conversion 
table to predict dose at one SAD from dose measured at another.  
(b) Blow up of the original data showing that points at 119 and 
124mm were eliminated in favor of the average of auxillary dose 
points measured nearby. 
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give the data presented in Figure 5.26a.  Errors to the relative dose were estimated to be 
+/- 10% based upon the alterations that had to be made to the data and the fact that half of 
the data was essentially suppressed. 
As can be seen here, 
the dose seems to drop off 
linearly with SAD in this 
range.  This is extremely 
strange, seeing as how our 
source is divergent and thus 
would be expected to yield 
dose rates that drop off as the 
inverse square of the distance 
from the source.  A partial 
explanation can be had when 
examining the typical fall-off 
of an infinite line source, though.  As can easily be derived using Gauss’ Law, the 
intensity of light irradiated from any line source should fall off with the inverse of the 
distance so long as the distance from the source is much smaller than the length of the 
line.  This is not strictly the case here, with the median distance from the source to the 
sampling point in this data set being 124mm and the line length being 170mm, but it is 
close, explaining some of the seemingly reduced effect of distance on the dose rate in our 
microbeam. 
 
Figure 5.27:  Plot showing variation of microbeam width vs. 
SAD.  Notice the linear trend and the absence of data around the 
124mm point, which in this data set had to be completely redacted 
due to the larger effect of beam deformation on microbeam width 
than peak dose. 
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During this experiment, the FWHM of the 
beams at the various SADs were also recorded.  As 
stated above, the beam shapes around 124mm SAD 
when the experiments began were wildly different 
than the ones after distortion had started.  As could 
easily be deduced from the typical distorted beam 
shape that was shown in Figure 5.21, this affected the 
FWHM much more than the peak dose, and thus all 
measurements around 124mm had to be thrown out 
for a clean trend to be observed in the remaining 
distorted but uniform data.  After these measurements 
were redacted, however, the FWHM of the 124mm 
point was projected based on the remaining data, and 
all widths were normalized to that value.  Then these 
normalized FWHMs were graphed vs. SAD as shown 
in Figure 5.27, with error bars of +/- 15% to match 
the more violent contamination of the width data due 
to the beam deformation.  Once again, the trend to be seen here is linear, which unlike the 
trend of peak dose vs. SAD, was completely to be expected based on the simple geometry 
of the collimator system as shown in Figure 5.28. 
 
5.4.2  Tissue Attenuation 
 
 The next two experiments were performed to approximate by how much various 
thicknesses of tissue attenuate our beam.  The first of these experiments was based upon a 
dose characterization quantity known as the tissue maximum ratio (TMR).  The TMR is 
 
Figure 5.28:  Diagram illustrating how 
the microbeam width is clearly 
expected to increase linearly with 
distance from the collimator with an 
intercept determined by the relative 
sizes of the focal line and the 
collimator. 
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defined as the ratio of the dose at a specified depth in tissue to the dose at the depth 
where dose is a maximum.  For megavoltage beams, this depth can be anywhere from 
5mm and up depending on the energy of the photon beam, but for orthovoltage beams, 
the depth of maximum dose is essentially at the surface.  Therefore, TMR for 
orthovoltage beams can simply be defined as the ratio of the dose at a certain depth to the 
dose at the surface as shown in Figure 5.29.  The essential thing about this measurement, 
however, is that both the dose at depth and the dose at the surface must be measured at 
the same distance to the X-ray source.  Based on this fact, to measure a quantity similar 
to this in our own beam, we had to make sure that the film was always a set distance from 
the source, with varying amounts of plastic stacked on top of the measurement point. 
 In order to do this, an acrylic phantom with dimensions identical to the HVL 
phantom described above was created, as shown in Figure 5.30a.  The only difference in 
setup was that there should be no air gap between the film and the bottom of the 
phantom.  Therefore, the setup was modified to put both long pieces of acrylic 
 
Figure 5.29:  Diagram illustrating the concept of TMR being the ratio of the dose measured at a certain 
depth within an attenuating material, as shown on the right, to the dose measured at the depth of 
maximum dose, which in our beam is at the surface of the material as shown on the left.  Notice that the 
distance from the source to the measurement point must be the same to ensure to isolate the effect of the 
depth in the material from the effect of the depth in the field of our divergent source. 
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underneath the film, clamping the phantom onto these pieces to ensure that the film is 
flush with the base of the phantom as illustrated in Figure 5.30b.  As before, this is just a 
precautionary measure because it has previously been estimated that CPE exists within 
the film itself with no sandwiching material for photon beams of our energy.  After setup 
was complete, the phantom-film combination was irradiated using the same method and 
operating parameters explained during the HVL section above, with the exceptions that 
the SAD was set to 124mm instead of 129mm and the beam on-time per line was reduced 
to 9.3 +/- 0.2mins. 
During this experiment, 
there were problems once again 
with beam deformation and a 
resulting reduction of dose for 
most of the data, making the 
first two lines delivered stray 
quite wildly from the trend of 
dose attenuation seen in the rest 
of the phantom.  Thankfully, 
the first two lines delivered for 
this experiment were at the 
maximum thickness of the 
phantom, and thus easily 
subtracted.  Also, seeing as how 
the dose for the zero attenuation 
depth was taken after the 
chamber had cooled down, it 
also displayed a dose higher 
 
Figure 5.30:  (a) Photograph showing the TMR phantom.  (b) 
SolidworksTM assembly showing the new set up of the film and 
the two accompanying strips of acrylic.  Note that the notch for 
the acrylic to fit underneath the steps of the phantom on the left 
side of the diagram now extends up to the base of the steps so 
that the film can be flush against the phantom. 
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than the trend.  Because this zero dose was essential to the data, it could not simply be 
redacted.  Therefore, a correction factor of 0.949 was applied to this point and the 
22.86mm point to extend the clean data into a larger range. 
This correction factor was based upon how this deformation affected the peak 
dose in the microbeam during the distance correction studies above.  It was calculated by 
projecting what the peak dose at 124mm SAD should have been using the corrected data 
in Figure 5.26a and taking the ratio of this projection to the actual measured peak 
microbeam at 124mm SAD as was shown in Figure 5.26b, which was measured when the 
chamber was cool.  It should 
be noted here that it may seem 
strange to transform this data 
into the deformed beam state, 
but because most of the 
measurements assumed the 
shape of the deformed beam in 
Figure 5.21, it made the most 
statistical sense to leave those 
measurements alone and 
transform the outliers. 
Due to these alterations, the error of the dose was once again assumed to be +/- 
10% as shown by the error bars in the final graph of normalized dose vs. depth in the 
phantom shown in Figure 5.31.  As can be seen here, the TMR drops linearly with the 
depth of tissue penetrated, which could at first glance seem contrary to the exponential 
attenuation of X-rays in matter.  As is well-known from decades of imaging research, 
however, beam hardening plays a significant role in reducing the severity of the 
 
Figure 5.31:  Graph displaying the attenuation of our beam in 
acrylic as quantified by the TMR.  It should be noted here that the 
drop off with depth is approximately linear as opposed to 
exponential. 
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characteristic exponential degradation of X-rays in matter, giving the linear trend seen 
here far more credence.121 
Moreover, it is unknown how the linear nature of our source would affect TMR, 
seeing as how each point of the focal line sees a different amount of attenuation from the 
phantom, as already displayed in Figure 5.19.  Unlike the HVL experiment, though, this 
experiment was done not to determine a physical property of our beam energy, but rather 
simply characterize its attenuation in a phantom, and therefore the correction methods as 
formulated in Equation 5.5 were not employed here.  Instead, it should just be noted 
during subsequent experiments that this TMR measurement is only strictly accurate for 
depths of tissue that conform well to the Cartesian shape of the phantom.  If they do not, 
certain allowances must be made to account for the fact that some parts of the beam may 
be experiencing more or less attenuation based on the shape of the object irradiated. 
Finally, it should be noted here that the material used in the creation of this 
phantom was acrylic, not tissue-equivalent plastic.  The attenuation coefficient of this 
material at an X-ray photon energy of 80keV as calculated from data on the National 
Institute of Standards and Technology 
(NIST) website is 0.2084cm-1, whereas 
the attenuation coefficient of water at 
this energy is 0.1837cm-1.99  Seeing as 
how a significant portion of our 
photons are around this energy level 
(at about half of our peak X-ray 
energy), and this trend of a slightly 
higher attenuation coefficient for 
acrylic than water continues in varying 
degrees throughout the entirety of our 
 
Figure 5.32:  SolidworksTM assembly displaying the 
ease of creating a multilayer phantom for the 
measurement of PDD.  Notice that as a microbeam 
passes through this phantom it will mark all films 
simultaneously, but that all measurement points will be 
at different depths in the field as well as the attenuating 
material. 
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energy spectrum, it can be concluded that the TMR as measured and shown here is a bit 
more steep than would be seen in water or water-equivalent plastic.  Therefore, when 
using this graph to convert between doses at various depths in tissue or water-equivalent 
plastic, this should be taken into account in any analysis of the results of such a 
conversion. 
After the TMR measurement was taken, another common dosimetric 
measurement of attenuation was conducted.  This quantity is referred to as the percent 
depth dose (PDD), and is defined as the percent of surface dose that is remaining after a 
certain amount of material is penetrated.  The fundamental difference between PDD and 
TMR is that PDD holds source to surface distance (SSD) constant, while TMR holds 
source to measurement point constant.  The result of this measurement, then, is a 
combination of the effects of the change in distance from the source and the change in 
attenuation depth.  Therefore the problem with PDD is that it is typically SSD dependent, 
taking a different form depending on just how far from the source the surface of the 
phantom is placed.  But on a positive note, this actually makes a measurement of PDD 
quite a bit simpler than TMR, 
simply because a stacked 
sandwich phantom can be 
used with multiple films as 
seen in Figure 5.32. 
Therefore, such a 
phantom was made with six 
small 25mm x 22mm 
rectangular pieces of 2.8mm 
thick acrylic and seven films 
placed between them and 
 
Figure 5.33:  Graph displaying measured PDD and PDD calculated 
from the product of the measured TMR and distance correction on 
the same plot.  Notice that the calculated curve agrees well with the 
measured points and provides a brief proof of concept that the 
TMR is SSD independent. 
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above and below the stack.  The stack was then irradiated once for 9.3mins using the 
same operating parameters as those used during the TMR experiment above and with a 
SSD of 114mm.  During this experiment, because all stacked films received their dose at 
the same time, the effects of varying microbeam shapes after various amounts of device 
on-time seen earlier were non-existent.  The reason for the shape of the phantom chosen, 
which after stacking was roughly a height of 19mm, was to emulate the murine heads that 
were typically irradiated during small animal studies.  The results of this experiment, as 
seen in Figure 5.33, should be reproducible from a combination of the distance 
dependence and TMR measurements described earlier.  Therefore a multiplication of 
these two earlier measurements was plotted on the same graph and it can be seen that this 
calculation agrees within the error of the measurement, estimated here to be +/- 7%. 
 
5.4.3  Peak to Valley Dose Ratio 
 
 After the attenuation was characterized, one last experiment was conducted to 
characterize the MRT-specific capabilities of our system, namely the measurement of 
PVDR as described in the first and second chapters.  Therefore, four irradiations were 
performed with four different beam spacings with four microbeams each resulting in the 
dose profiles shown in Figure 5.34.  Each irradiation employed ten minutes of on-time 
and used the same operating parameters that were used above, except for the fact that by 
this point in the characterization process, cathode three had been decommissioned, and 
the cathode current had been raised to 48mA from 46.5mA. 
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 As can be seen from the irradiations here, the previously used error values of +/- 
10% of the peak dose in previous experiments along with attempts to rectify problems 
with correction factors to the dose and FWHM were well-warranted, since the beam 
widening effect is quite pervasive in almost all microbeam profiles recorded.  It should be 
noted, however, that although this experimentation was performed after cathode three had 
been decommissioned, it was before the collimator had been realigned to only cathodes 1, 
2, 4, and 5.  This caveat will prove to be quite significant in the next section.  The results 
of this PVDR study were calculated using the same methods used in chapter two and are 
given in Table 5.3. 
 
Figure 5.34:  Four plots displaying multiple microbeam profiles resulting from four microbeams 
impingent on films.  Note the distorted shapes of the beams that contribute to widening of the beam 
shape, diminishing of the dose, and narrowing of the valley.  Also note just how much this affects the 
beam width and height by examination of the first peak in the 1500μm set of data, which was delivered 
when the X-ray device was quite cold.  Finally, it can be seen here that the 600μm beam spacing was 
found to be far too small to constitute an MRT array.
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Note that the highest PVDR achieved was around 17 at a pitch of about 3.5x the 
beam width.  This would later be confirmed by a film recording entrance dose film for a 
live animal experiment to be presented in the next section in which a similar pitch was 
used with a much smaller beam width, displaying the translatability of this data despite 
its uncomely appearance.  In addition, it can be seen from the shapes of the profiles 
displayed in Figure 5.34 that the ‘Modified PVDR’ given in Table 5.3, which gives the 
ratio of the average peak dose to the average dose within the valley widths, now seems to 
be unnecessary for our beams, due to the flatness of the valley when large enough beam 
spacings are employed.  The valley width as was defined in Equation 3.4, however, still 
seems to be a useful parameter, especially since the beam shape is distorted and thus 
contributes to a narrower valley. 
As a final note, it should have been noticed that throughout this section most 
graphs were presented with normalized units.  This is because the reasoning behind these 
measurements was simply to provide a reference for how dose changes given certain 
positions within the static geometry of our system and the presence of an attenuating 
medium similar to live tissue.  Therefore, regardless of the fact that we have changed 
operating parameters, achieved stronger collimator alignment, and experienced less beam 
deformation since these experiments were done; the results should still provide a first 
Beam Spacing Measured Pitch PVDR Valley Width 
Modified 
PVDR 
600μm 1.44 2.9 N/A* N/A* 
900μm 2.08 11.5 300μm 9.7 
1200μm 2.70 13.2 590μm 11.6 
1500μm 3.55 17.0† 880μm 14.9† 
Table 5.3:  Results from the PVDR study of our microbeam irradiator.  *Valley widths and modified 
PVDR are not given for the smallest beam spacing because the beams were too close together for these 
parameters to be relevant.  †For the largest beam spacing, the first microbeam in the set was omitted from 
the average peak dose used to calculate PVDR values due to its undistorted shape and resulting artificially 
higher peak dose. 
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order estimate of how to calculate expected dose from setup conditions and estimated 
attenuation depths. 
 
5.5  Most Recent Results 
 
After most of the above measurements were taken, considerable changes to the 
operation of the compact MRT device were made.  As was probably noticed, the most 
recent film calibration detailed above was actually done after the characterization 
experiments and after cathode three was decommissioned.  Because the same batch of 
film was used, however, this most recent calibration could be used to reanalyze the data, 
and that is what was done to yield the results above.  But after the decommissioning, 
recalibration, and subsequent realignment of the collimator, much of the microbeam 
deformation seen in the sections above vanished.  Therefore, thoughts on what may have 
caused this deformation will be presented in this section, along with the impressive new 
results that have been observed since its disappearance. 
 
5.5.1  Beam Widening Diagnosis 
 
 The beam widening as noticed 
in the previous section has been a 
known problem throughout the entirety 
of the project.  Its first appearance was 
actually during the use of our micro-
CT scanner for MRT as described in 
chapter two.  In addition to the data 
presented there, an experiment was 
 
Figure 5.35:  Irradiated film and a basic line profile 
through the cross line displaying a drift of the 
microbeam path in a direction perpendicular to the 
plane of the beam. 
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also done using a 100μm as opposed to a 220μm collimator.  During long device on-
times, similar beam widening was noticed, with the microbeam seeming to drift across 
the film during experimentation as seen in Figure 5.35.  It was thought at the time that 
this was due to the expansion of the anode the long heating needed to develop the EBT2 
film used for the measurement, but the exact reasoning for the drift was never found. 
 Then, years later, when the compact MRT device was finally running stably for 
long periods of time, it was seen again in the experimentation detailed above, and to an 
even larger extent during long irradiations used for live animal studies.  During these 
studies, the device could be run for up to 50mins at a time, given small breaks, and then 
run for a long period again.  This could be repeated numerous times a day in order to 
deliver large doses in multi-microbeam arrays in live animal studies.  Using single-
channel analysis of a verification film from one of these studies, it appeared that there 
was less dose in a 40min irradiation than was expected.  Therefore, a small experiment 
was conducted to determine whether there was less dose in a single microbeam delivered 
in 40mins than in the sum of four 10min microbeam irradiations delivered consecutively 
without turning the device off. 
Upon analysis of this experiment using the most current calibration curve and 
triple-channel film dosimetry instead of only a single-channel, it was seen that although 
the dose delivered during the 40min irradiation is too high to be accurately measured by 
the calibration curve we have, there is a large distortion in the shape of the beam as seen 
in Figure 5.36a.  This did not seem to make sense, though, because no such deformation 
occurred when leaving the beam on for four successive ten minute irradiations as seen in 
Figure 5.36b.  Also, if single-channel dosimetry was used instead, this distortion could 
not even be detected.  Therefore, if it were not for the use of triple-channel dosimetry as 
implemented by FilmQA ProTM, it is possible that this problem would have never been 
discovered and eventually rectified. 
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Due to the distorted beam shape, it was first thought that this was due to 
misalignment of the cathodes and simply could not be detected at low doses.  This theory 
proved to be faulty after several experiments were performed isolating various cathode 
combinations and viewing their dose distributions on film as seen through the collimator, 
none of which could explain the distortion of the beam or add up to give a dose profile 
similar to the one seen in Figure 5.36a.  Moreover, when the cathode positions were 
actually measured by the experimentation presented at the end of chapter four, it gave 
fairly conclusive evidence that misalignment of the focal line segments was not severe 
enough to provide such large, static deformations in the beam profile. 
Finally, a theory based on dynamic heating of the anode was posited that seemed 
to fit all the data.  Extensive testing of this theory was beyond the scope of this work and 
irrelevant to the project as a whole, since the next generation compact MRT device was 
slated to employ active cooling and thus would not encounter this problem and because 
the problem had vanished by the time a reason behind it had been posited.  Regardless, an 
 
Figure 5.36:  (a) Dose map constructed using FilmQA ProTM displaying the dose profile of a film 
irradiated for 40mins.  Note that the dose is too high to be measured by our initial calibration, therefore 
eliminating the possibility of dose comparison with the other graph.  Regardless, the shape of the plot is 
quite deformed, indicating a clear problem with alignment as a whole.  (b) Similar map displaying the 
dose profile of a film irradiated with four sequential 10min microbeams.  Note that the shape of these 
beams is clean. 
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explanation of it is instructive and 
therefore warranted to ensure 
awareness of the possibility of similar 
problems during the development of 
future devices. 
By a simple order of magnitude 
calculation, it can be estimated using 
molybdenum’s coefficient of thermal 
expansion at 25°C that if the anode is 
heated to around 2000°C, that the 
anode can increase its thickness by up 
to 170μm.122  Such heating was 
hypothesized in chapter four to be very 
possible given the lack of active 
cooling in this generation of the device.  
Therefore, given the geometrical setup 
of the collimator and the anode in our 
design as illustrated in Figure 5.37, it is evident that expansion would cause the focal line 
to move.  Such movement would cause the position of the focal line image (or simply the 
microbeam) to vary with time while the anode heats.  This would explain why multiple 
beams delivered in succession without shutting down the device would not display a 
large beam distortion, because they are always moving in one direction. 
However, this does not explain the wavy appearance of the beams encountered in 
the last section and as shown in worst form in Figure 5.36a.  But, this phenomenon can 
also be understood if the dynamic heating of the anode is considered.  The anode is not 
heated and cooled in a uniform fashion, but rather with a very clear exit for the heat 
 
Figure 5.37:  Diagram illustrating how the heat 
induced expansion of the anode causes lateral motion of 
the focal line perpendicular to the anode face and 
subsequent misalignment of the collimator and a 
deformed beam shape on the film. 
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through the feedthrough and anode support structure and entrance through the focal line.  
Therefore, it can be hypothesized that some parts of the anode are heating while others 
are cooling, making for a completely non-uniform expansion under heat deposition from 
the focal line, involving the history of all recent heat depositions as well.  Therefore, if 
the anode is heated from a completely cooled state, it should expand and the microbeam 
should move for all time in one direction, but if it is turned off between irradiation, it is 
feasible to believe that the microbeam profile could be initially moving one way due to 
recent cooling and then turn around when the whole anode starts to get hot again. 
This, of course, is the only posited explanation that fits all the data, since the large 
distorted beam in Figure 5.36a was delivered after the four beams and after the device 
was allowed to cool for an hour and no static cause of the deformation was ever found.  
Moreover, this type of on and off operation is exactly what was used throughout 
dosimetric characterization, during which this effect was seen most clearly.  Therefore, in 
order to test this theory, a small experiment was devised. 
In this experiment, an EBT2 film was irradiated for two straight hours, translating 
the film by 3mm every ten minutes.  Afterwards, the exact microbeam positions on the 
film were determined by using the microbeam dose profile as a probability distribution 
and calculating the most 
frequent value for position 
under each beam.  Then, after 
an extensive verification of the 
precision of the stage that 
provided the 3mm translations, 
the expected microbeam 
positions were subtracted from 
the measured positions to give 
 
Figure 5.38:  Graph displaying the deviation of the microbeam 
position from its expected value.  Note the film on the top of the 
graph shown as a reference point. 
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the graph shown in Figure 5.38. 
As can be seen here, the microbeam does seem to start moving in one direction 
and then turn around.  Of course, this measurement completely depends on the stage 
calibration, this apparent initial negative motion could be an illusion.  Therefore, more 
experimentation would have to be done to verify that this is actually happening, perhaps 
by heating the device for a long-time, and then taking live camera images of the beam at 
a much lower duty-cycle while it cools.  Either way, this experiment definitely showed 
that the beam moves appreciably during device heating. 
 
5.5.2  Beam Shape Stability and Stronger PVDR 
 
 In addition to the experiment described above, there was a small amount of 
inductive evidence to support the theory that the deformation of the microbeam was due 
to heating of the anode.  This 
evidence is based on the fact that 
the deformation has not been seen 
during experimentation since 
cathode three was decommissioned 
and the microbeam collimator was 
realigned to the remaining focal 
line segments.  As can be seen in 
Figure 5.39, which shows the dose 
readout of an entrance film 
irradiated during an MRT 
treatment of a live mouse, the 
microbeams are no longer 
 
Figure 5.39:  Dose profile of three microbeams as analyzed 
by FilmQA ProTM.  Beams as shown were directly 
impingent on the surface of a live mouse during irradiation.  
Note the almost perfect shape of the microbeams and 
smaller beam width than encountered during PVDR 
experimentation. 
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distorted.  Each one of these beams was delivered using 40mins of beam on-time, with 
short breaks between irradiations, similar to the irradiation protocol of the microbeam 
that was seen in Figure 5.36a.  But in these beams, no deformation can be seen. 
 Therefore, it can be hypothesized that the decommissioning of cathode three and 
the resultant clearer path for heat flow out of the anode as was illustrated in Figure 4.40c 
also led to less violent and dynamic anode expansion than was seen in earlier testing.  
And although it can be noted that the experiment described in the last subsection was also 
performed after cathode three had been shut down and the collimator had been realigned, 
the magnitude of the results still make sense with this conclusion.  As can be seen from 
Figure 5.38, the amount of beam motion in the first 40mins only makes up around 25μm, 
which would barely be noticeable during the creation of our ~300μm beams and is far 
less distortion than was noticed even over the small amounts of beam on-time needed for 
the experiments for dosimetric characterization. 
 Because the PVDR experiments shown in the last section were done after cathode 
three was decommissioned but before collimator realignment and still displayed this 
trend, however, there is definitely still some uncertainty as to whether the whole problem 
was purely caused by anode heating.  What is much more likely is that dynamic and non-
uniform heating during operation with cathode three, slight misalignments of the focal 
line segments, and complex patterns of varying collimator transmission under these 
effects all combined to create the distortion effect as it was seen.  All that matters now, 
though, is that the effect is not a problem anymore and has essentially been solved, 
regardless if the exact problem and solution pair were ever determined. 
 In addition, as can be seen in Figure 5.39, our current PVDR at the entrance 
height of our microbeams during live animal treatments is around 15.3.  This value 
corresponds quite nicely with that seen in the PVDR characterization above, regardless of 
the slightly different shape of the microbeam, emphasizing the translatability of the 
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characterization under slightly varied circumstances.  This correlation is based on the fact 
that the pitch shown here was roughly 3.3, with a beam spacing of 900μm and average 
FHWM of 270μm.  Based on linear interpolation of the studies shown in Table 5.3, this 
would indicate a PVDR of 16, which agrees with the measured value quite well 
considering the sparse nature of the PVDR characterization data. 
Moreover, this means that for our most recent mouse studies, our PVDR has been 
at a level that is on the same order of magnitude as some synchrotron studies,21, 123 which 
should allow our group to further investigate the radiobiological reasons behind the 
success of MRT, if only at the small doses that our device can provide.  And finally, 
based upon these considerations, it should be more than possible to completely duplicate 
dose distributions similar to those created at synchrotron facilities with our next 
generation device currently under construction.  This device will have a much higher 
output power and will be described in more detail in the final chapter on future directions 
of the project. 
 
5.5.3  Corroboration with Outside Measurement 
 
 We will conclude this chapter with perhaps the most promising result we have 
seen so far in the dosimetry of our compact MRT device, and that is the corroboration of 
our absolute dose rate measurement using radiochromic film with a completely 
independent outside measurement.  Due to the fact that film is only traditionally used as a 
relative dosimeter, we thought it best to bring in a group from outside our department to 
measure our peak microbeam dose.  Therefore, we collaborated with the Duke Radiation 
Dosimetry Lab (DRDL) to test an experimental nanocrystal-based dosimeter capable of 
measuring dose with a resolution on the micrometer scale. 
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 During this collaboration, they measured our microbeam peak dose to be around 
1.05Gy/min at 117mm from the X-ray source and underneath 10mm of tissue-equivalent 
plastic after calibrating their source in our direct beam and assuming the same Gy/R 
conversion of 0.91 that we determined during our HVL experimentation.  Based upon the 
distance correction determined in the last section, their dose should have been 1.1x higher 
than our measured dose rate of 1.02Gy/min given the same level of attenuation.  Of 
course, a correction based on attenuation is a bit more difficult based on the fact that their 
attenuating geometry was different, with the dosimeter encased in the center of a 10mm 
radius cylinder rather than under a large block as shown in Figure 5.40a.  If we use the 
method of Equation 5.5, however, to modify our chart of TMR values to represent the 
average distance traveled through the acrylic as shown in Figure 5.40b, we can partially 
account for this difference. 
The TMR for our dose rate measurement should have been roughly 0.93 based 
upon the chart presented in Figure 5.31, and the TMR for the setup used by the DRDL is 
roughly 0.85 when calculated using the new chart based on average beam attenuation 
 
Figure 5.40:  (a) Diagram illustrating that the distance d’ traversed by X-rays originating from the outer 
edges of the focal line is longer in the rectangular phantom than the distance d in the cylindrical phantom.  
(b) Modified TMR chart displaying distances corrected to be the average amount of material penetrated 
across the focal line length instead of simple vertical penetration into the rectangular phantom.  This chart 
should therefore correlate to the cylindrical geometry, since the amount of material traversed is uniform 
regardless of origination point along the focal line. 
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depth.  Multiplying these factors together gives us a converted dose rate of 1.02Gy/min, 
which is only coincidentally exactly equal to what we had before, with the distance and 
TMR conversions effectively canceling out.  Effectively, though, this means that our dose 
rate as measured with EBT2 film agrees to within 3% with the dose rate as measured by 
the DRDL and their nanocyrstal micro-dosimeter.  In addition, we used acrylic and they 
used tissue-equivalent plastic, making our estimate intrinsically low due to the stronger 
attenuation of acrylic as mentioned in the previous section.  Therefore, agreement could 
possibly be improved even further if the exact same attenuating material was used 
between measurements.  To the best of our knowledge, this is the strongest agreement 
ever observed between any two absolute dosimetry measurements dealing with beams of 
this type, and thus represents a significant stride forward in the arena of small-field and 
MRT dosimetry.124 
 
 
 
 
 
 
CHAPTER 6:  THE FUTURE OF COMPACT MRT 
 
While the characterization detailed in this work was ongoing, a variety of initial 
radiobiological experiments were conducted to determine the feasibility of the compact 
MRT device as a research tool and as a starting point for future devices with possible 
clinical applications.  These experiments required a whole different subsection of work to 
be done in the creation of a working live animal stage customized to the demands of 
compact MRT, along with the maximization of animal throughput for statistically 
relevant studies and accurate targeting in an effort to not waste precious irradiation time.  
Therefore, a brief summary on the work done towards these goals will be given in the 
following section.  In addition, future directions of the project will be explored and initial 
results from some of the more recent work done with the device will be presented. 
 
6.1  Double Mouse Stage and Tumor Targeting 
 
Because our device is only capable of roughly a 1Gy/min dose rate, any 
radiobiological experimentation attempted will fall far short of the dose delivered in most 
synchrotron studies.  And even though we have determined that for our ~300μm beams 
that cardiosynchronous motion of the irradiated microvasculature will not be a problem, 
motion of the irradiated animal would constitute a complete blurring of the microbeam 
dose distribution and failure of the experiment.  Moreover, because our current device is 
only capable of producing one beam at a time, we cannot afford to simply blanket an 
entire area of tissue with an MRT array.  Instead, we must ensure complete 
immobilization in the irradiated subject during the long irradiation times that are 
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necessary to deliver MRT arrays made up of two or three microbeams.  In addition, if the 
point of an experiment is to irradiate a tumor, we must be able to precisely target that 
tumor so as to not waste any dose.  Contrary to conventional radiation therapy, the reason 
for this is not to miss the normal tissue, since MRT is well-known to spare normal tissue, 
especially at the doses our device is capable of delivering.  Rather, we need targeting 
because if the tumor is missed by one of the microbeams, it constitutes a waste of almost 
an hour’s worth of treatment. 
To this end, a custom-made mouse bed was designed for our early radiobiological 
experiments.  This mouse bed employs a commercial isoflurane anesthesia delivery 
nosecone that is integrated into a custom stereotactic head frame, as shown in Figure 6.1.  
This head frame uses fixation of front teeth of the mouse with a nylon wire and plastic 
ear bars to yield 3-point immobilization and stereotactic placement of the mouse skull 
during irradiation.  The position of the nose cone is adjustable to allow for proper angling 
 
Figure 6.1:  Photograph showing the custom made mouse bed used during MRT treatment.  Note the 
movable respirator housing that allows for the nose cone to be vertically positioned relative to the ear bars 
to properly align the mouse skull for imaging.  Also note the anesthesia input to the nose cone from the 
top.  The waste gas is collected by a tube off-camera to the left connected directly to the rear of the nose 
cone and respirator housing. 
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of the mouse skull during irradiation and easy image registration during the targeting 
procedure to be described in the following paragraph.  The level of anesthetic is 
controlled from outside the shielding with a commercial isoflurane vaporizer from 
Surgivet®.  Finally, the mouse respiratory pattern is monitored with a differential 
pressure sensor and BioVet® monitoring system. 
In order to increase throughput, and due to the fact that our microbeam is really 
more of a semi-infinite microplane that is over 100mm long, a separately adjustable, dual 
mouse stage was fabricated and 
assembled using NewportTM stages 
and actuators as described before in 
the section on the collimator 
alignment assemblies in chapters 
two and three.  This dual-mouse 
stage is shown in Figure 6.2a and 
sits atop a long translation stage 
from Velmex, Inc, as seen in 
Figure 6.2b.  The dual mouse stage 
need only be capable of a small 
amount of independent positioning 
perpendicular to the plane of the 
microbeam because of the 
aforementioned semi-infinite 
nature of the microbeam, so long as 
the two tumor volumes to be 
irradiated in the two mice are 
within 10cm of each other along 
 
Figure 6.2:  (a) Photograph displaying the workings of the 
dual mouse stage without the mouse beds attached.  (b) 
Photograph showing the dual mouse stage affixed to the 
long translation stage with both mouse beds attached.  Here 
can be seen the waste gas disposal tubes exiting the back of 
the respirator housings. 
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the length of the microplanar beam and 25mm along the direction perpendicular to the 
beam.  The longer stage is for gross translations in and out of the beam and in order to 
precisely move the mice to the imaging station. 
The imaging station is just located further down the long translation stage, outside 
of a hole in the shielding of the compact MRT device made especially for the purpose of 
allowing the mice to be imaged before treatment.  The imaging apparatus is made up of a 
modified micro-CT device described in great detail in previous publications.31  The 
micro-CT scanner is set up to give 
independent sagittal radiographs of each of 
the mouse skulls as seen in Figure 6.3a.  
The way in which this is done is by lifting 
one mouse out of the field of the X-ray tube 
and camera while the other is being imaged 
as illustrated in Figure 6.4a.  This makes for 
different magnifications of the two animals 
during image analysis, but this is accounted 
for in the registration that follows. 
As a side note, full CT data sets for 
targeting are not necessary, once again due 
to the planar nature of our microbeams, and 
the 2D sagittal projections provide adequate 
information.  These radiographs, however, 
are not enough to target tumors within the 
mouse brain due to the fact that tumors are 
not routinely distinguishable from other soft 
tissue in the brain using X-ray imaging 
 
Figure 6.3:  (a) Radiograph of a mouse skull as 
seen after X-ray imaging.  (b) Co-registered 
image displaying MR and X-ray projections on 
the same image.  Notice the tumor volume pre-
contoured with the white dots. 
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alone, and therefore additional imaging is necessary.  For this reason, before the mice are 
treated they are imaged using MR at a separate facility.  Sagittal slices of the MR image 
set are then flattened to form a single 2D sagittal projection that is registered to the 
radiograph taken before treatment.  Finally, the co-registered image, as exemplified in 
Figure 6.3b, is then used to locate the tumor relative to a static position on the mouse bed.  
This position on the mouse bed has a known distance to the absolute position of the point 
at which the microbeam plane crosses the base of the mouse bed in free space, as 
measured earlier with XR-QA film on each of the mouse beds.  Therefore, using this set 
of distances, the relative distance between the tumor and a point of reference on the 
mouse bed can be related to a 
distance between the point on the 
mouse bed and the beam crossing, 
functionally giving the distance 
between the tumor and the crossing 
of the microplane, which can then 
be used to move the tumor into the 
path of the beam as shown in 
Figure 6.4b. 
Once this distance is 
known, it is a straightforward 
geometric calculation to determine 
the necessary positions of the 
independent mouse stages to make 
it so both tumors are under the 
beam simultaneously.  Using this 
method, we have achieved tumor 
 
Figure 6.4:  (a) Photograph showing the view of the two 
mouse beds from the camera point of view when one 
mouse is being imaged and the other is out of field.  Note 
the circular X-ray window behind the lower bed.  (b) 
Photograph showing microbeam paths passing through the 
center of a brain tumor in a live anesthetized mouse. 
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targeting that is precise to within +/-300μm.  This is exemplified in Figure 6.5, in which a 
histological section of an irradiated mouse brain is shown with the blue staining 
highlighting cell nuclei and the red staining confirming radiation damage through the γ-
H2AX marker.125  As can be seen in the figure, the two microbeam array hit the tumor 
almost dead center, to within an error roughly equivalent to one beam width. 
Since and before this 
targeting method and the 
accompanying hardware was 
developed and set up, many live 
animal experiments have been 
done, both on normal and tumor-
bearing mice.  Up until recently, 
the results of these studies have 
been hindered by a lack of refinement in the irradiation protocol and continuity of device 
operation.  For the last few months, however, both the irradiation protocol and device 
operation have been quite steady, allowing for more reliable targeting and dose delivery.  
This has started to yield some radiobiological data on MRT that supports experimentation 
already done at synchrotron facilities.  A report on this data is beyond the scope of this 
work, but its mere emergence provides a large vote of confidence that this device 
definitely can form the basis for a commercial compact MRT device to be used for 
radiobiological research.  Because the dose rate is still far below what would be needed to 
duplicate most of the studies done at synchrotron sites, however, another iteration in 
device design was deemed necessary before commercialization. 
 
6.2  Second Generation Device 
 
 
Figure 6.5:  Histological micrograph showing the two 
microbeam paths stained with γ-H2AX going through the 
very center of the circled tumor. 
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The second generation of device design is based almost completely upon 
limitations encountered during radiobiological experimentation using the first device.  
The first and foremost of these limitations is the dose rate.  Because the highest achieved 
continuous dose rate was only around 1Gy/min, the vast majority of the experiments done 
at synchrotron sites have proved to be impossible to duplicate using the compact device.  
When the first device was originally developed, the main goal was to make it capable of 
delivering an incredibly high dose rate for a short period of time.  But because 
cardiosynchronous motion of the vasculature in brain tissue was deemed to not be an 
issue for microbeams over around 100μm, this goal turned out to not be near as important 
as obtaining a moderately high continuous dose rate that could be maintained long 
enough to reach doses found to be therapeutic for our size microbeam.  These doses have 
been shown to be well over 100Gy per microbeam,12, 17, 18, 95 and thus, the second design 
was given specifications to hopefully reach this goal within a time frame that is both 
clinically feasible and experimentally tenable given that the mice irradiated must be 
 
Figure 6.6:  SolidworksTM diagram showing the innards of the second generation MRT device.  Oil will 
run into the system through the ceramic feedthrough on the top right, pass through the center of the anode, 
and run back out the ceramic feedthrough on the left.  The center feedthrough supplies the anode with 
voltage, and as noted in the diagram, when the oil is within the chamber it is on high voltage, but as it 
travels through the ceramic feedthrough and back out of the chamber it will drop back to ground.  
Therefore, the oil will have to be very clean to withstand and insulate this potential difference effectively. 
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under anesthesia during the entire treatment. 
As can be recalled, the two reasons high continuous dose rates were not achieved 
in the first design were first that the power supply on hand simply would not deliver such 
continuous power, and the second was because the base anode temperature would 
become much too high for stable operation and melt the high voltage feedthrough plug.  
Therefore, the first step in the design of the new device was to acquire a 6kW power 
supply from Spellman, Inc. that could provide up to 30mA of current continuously at 
225kV.  The second step was to design the device in such a way that could dissipate this 
much power safely.  Therefore, the second generation design would employ an actively 
cooled anode assembly that would constantly circulate oil through the system, much like 
some of the commercial, orthovoltage X-ray tubes currently on the market (Xstrahl, 
Comet).  Our design would have to be built from scratch, however, seeing as how our 
focal line array is so unique and is still quite necessary to prevent melting within the focal 
line on the tungsten target layer of the anode surface.  This oil-cooled design entails using 
feedthroughs similar to the ceramic high voltage feedthrough used in the first generation 
device, except that these new ceramics will be oil conduits.  The oil will then flow 
through the center of a long anode, which is almost identical to the anode in the first 
design except for the large hole for the oil to pass through.  As is illustrated in Figure 6.6, 
the oil is an insulator and therefore will effectively be on high voltage while it is in the 
tube and at electrical ground when it reaches the top of either of the two ceramic 
feedthroughs.  This part of the design is the most complicated addition, and thus will 
probably require the most optimization work to attain stability during operation. 
Another very important addition is the three-line cathode assembly.  In the new 
design, the cathode assembly will now have fifteen separate cathodes within three focal 
tracks as shown in Figure 6.7a.  This design will allow for three simultaneous focal lines 
of electron current to be present on the surface of the anode, which in turn will allow for 
 263 
 
three simultaneous microbeams to be created by the device.  These three lines of current 
will all be handled by the anode power supply in such a way as to switch it so that each 
line is on roughly 33% of the time at the full 30mA of current that the supply can 
withstand.  This is due to the fact that the primary limitation of the device is still the 
power supply; and now with the addition of the active cooling system, both the anode and 
cathode will be capable of 
easily handling the power to 
the device. 
The anode focal lines 
will only be absorbing no more 
instantaneous heat than they do 
now, because the pulse width 
will be roughly the same.  The 
only increase will be in the 
duty cycle which will now be 
33% per focal line.  Thus the 
only increase in focal line 
temperature that needs to be 
considered is the baseline 
temperature, which is handled 
by the active cooling.  The 
cathodes themselves should 
also be more than able to 
handle this increase, seeing as 
how this will only constitute 
roughly 8mA per 2.5 x 30mm 
 
Figure 6.7:  (a) SolidworksTM diagram showing a cross section 
of the new cathode assembly design highlighting the new 
focusing track for the three adjacent cathode and focal lines.  (b) 
New modular cathode assembly design in which the entire flange 
shown can be assembled and connected outside the chamber, and 
then simply fastened to the square port on the front of the 
chamber (located in the foreground of Figure 6.6). 
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cathode, or 0.1mA/mm2 at a 33% duty cycle, which is well within the previously tested 
tolerances of our CNT cathodes.67  And thus it becomes clear that the specifications of 
operation were based almost completely on giving the full 30mA to the power supply 
continuously while dividing that power up amongst the cathodes and the focal lines in a 
way that would be well within the known limits of our own technology. 
The addition of multiple lines, however, will provide new problems with focal 
line and collimator alignment, not to mention the need for a thicker collimator to 
eliminate cross-talk between the focal lines due to the possibility of one focal line being 
visible from a collimator slit other than its own.  This would create a problem similar to 
the one shown in Figure 1.18, drastically lowering the PVDR of the microbeam pattern.  
But hopefully, with the lessons learned in chapter four on proper cathode fastening, focal 
line measurement, and collimator alignment; such problems can be avoided.  New 
challenges in alignment between focal lines, spacing between focal lines, and how to 
design the new collimator alignment system will definitely arise, though. 
In order to circumvent some of these challenges, the last major change in the 
second generation design is the structure of the X-ray chamber itself.  As was seen in 
Figure 6.6, the chamber is much larger than it was before.  This is in order to be able to 
provide ample work space within the chamber when connecting the anode and oil 
circulation assembly, which will undoubtedly be challenging.  Also, in order to prevent 
problems similar to those seen in the first section of chapter four, the cathode assembly 
has been made more modular, as shown in Figure 6.7b, and will now be able to attach 
directly to a square flange which will in turn simply be bolted to the chamber exterior and 
made immediately ready for operation with ample room for the necessary beaded ceramic 
wires behind the cathode assembly. 
Based on these upgrades, the second generation device will be able to produce 
roughly 8x the dose rate that the current compact MRT device can deliver.  This 
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calculation is based upon Equation 2.5 and the fact that the device will have a peak 
voltage of 225kV as opposed to 160kV along with a duty cycle that is roughly 4x higher 
than the currently used 8%.  The anode current will be the same, seeing as how we 
currently also use a device with a limit of 30mA.  As an additional advantage to the 
higher accelerating anode voltage, slightly better penetration will also be possible due to 
increased median X-ray energy. 
Finally, if everything in this design goes smoothly and the preliminary focus 
testing and simulations prove to be correct as they did in the first design; the second 
generation device will also provide three lines, with each providing 8x our current dose 
rate.  This will allow another factor of three in throughput, since currently each 
microbeam line must be delivered separately to maintain a high PVDR.  Therefore, when 
all factors are taken into account, the new device will be capable of a throughput 24x 
higher than currently achievable, given the distance from the focal lines to the irradiation 
target remains the same in the new design.  But even if this distance slightly expands and 
the above estimate drops slightly, the new design will definitely allow for animal studies 
to be done that can be directly compared to synchrotron data, hopefully breaking the field 
wide open for new MRT researchers. 
 
6.3  Possible Future Directions and Conclusion 
 
Because the second generation device will probably take quite some time to 
assemble, optimize, and characterize; new experiments using the current device are still 
being planned and implemented.  The first of these new experiments tested whether the 
current device is capable of using physiological gating to deliver a clean MRT dose 
distribution in tissue that is not immobilized during treatment.  To test this capability, a 
moving phantom was designed that simulates the rhythmic breathing of a sedated mouse.  
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This phantom is made up of a servo motor that was set to apply pressure to uniform 
pressure to the respiration monitor typically used for mouse studies as described above 
and as detailed in Figure 6.8a.  The pressure waveform was made to look like that of a 
typical sedated mouse, as shown in Figure 6.9, by giving the servo motor a pulse 
frequency of 1.25Hz, a pulse duration of 200ms, and a displacement into the pressure 
sensor of 1.5mm.126  The resulting waveform as read from BioVetTM was then input to 
the LabViewTM program that controls the output of the MRT device, only allowing the 
beam to be on while the waveform below threshold. 
The results of this experiment are shown in Figure 6.8b, which displays that the 
PVDR of the microbeam pattern 
decreases by 50% when gating is 
not used and stays within the error 
of the dose delivery system when 
gating is employed.  This is of 
course due to the fact that while 
the simulated breath is being 
taken the dose deposition within 
the tissue is shifted by a certain 
amount, depositing extra dose into 
the valley.  Assuming this only 
occurs for a brief portion of the 
time, the microbeam pattern will 
not completely blur out, but rather 
simply decrease the PVDR, 
possibly drastically reducing the 
normal tissue sparing capabilities 
 
Figure 6.8:  (a) Photograph detailing various parts of the 
gating phantom. 1 – vibration dampener, 2 – servo motor 
arm, 3 – location of film, 4 – foam pad for dampening signal 
to pressure sensor, 5 – pressure sensor.  (b) Results of gating 
experiment showing that gating preserves original PVDR. 
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of MRT.  In this preliminary study, the typical running parameters of an 8% duty cycle 
and a 500μs pulse width were used and the pulses were simply shut off during the 
simulated breaths, as shown in Figure 6.9.  This study clearly leads the way, though, to 
the possibility of using around double the duty cycle during such gated experimentation.  
In this way, the fact that the beam is off for about half the time would not affect the 
overall dose rate.  In addition, this method should be quite feasible, seeing as how our 
heat limitations on the device are based upon continuous heating of the anode and entire 
chamber and not instantaneous heating of the focal line. 
Eventually, such gating could even lead the way to using the compact MRT 
device in the way it was originally intended, that is, to deliver thinner microbeams in long 
(~100ms) pulses at high dose rates (~2Gy/s) in between cardiosynchronous pulsations 
within the microvasculature of live brain tissue.  But even now, studies using our 
compact MRT device to provide gated microbeam dose distributions to free-breathing 
mice have begun and have already produced some impressive results.  These results are 
outside the scope of this work, but it is definitely worth noting here that improvement on 
the methods listed above are ongoing and MRT studies of thoracic tumors in mice using 
respiratory gating are on the horizon. 
 
Figure 6.9:  Diagram showing typical mouse respiration waveform and how the triggering causes a 500ms 
block of the normal 8% duty cycle 500μs pulses to irradiate the phantom or thoracic region of the mouse. 
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The next set of studies slated for the compact MRT device have to do with 
varying the geometry of the simple beam patterns we have used so far.  In various 
synchrotron papers, both crossed beam patterns as shown in Figure 6.10a and interlaced 
beam patterns as shown in Figure 6.10b have successfully been proposed and 
implemented for the goal of better tumor control in rats.39, 45, 98  The idea behind these 
treatments is to increase the valley dose within the targeted crossing region, or to make 
almost a uniform broad beam dose in the interlacing region.  Both of these methods 
simply increase the dose-volume by a factor of two within the tumor, while retaining the 
familiar microbeam pattern within the non-targeted regions, thus sparing the normal 
tissue. 
Because our beams are semi-infinite in the length direction, however, interlacing 
using our current device is 
impossible due to the fact 
that interlacing would simply 
blanket the entire irradiation 
area with a broad beam.  
Crossed beams, on the other 
hand, are still possible by 
simply turning the mouse bed 
with respect to the beam and 
creating a beam pattern as 
shown in Figure 6.11.  
Because of our long 
microbeams, however, this 
treatment would come with 
the additional caveat that 
Figure 6.10:  (a) Crossed beam pattern as used at synchrotron sites 
to double the valley dose within the crossing grid in the target 
region.  (b) Interlaced beam pattern that effectively halves the 
distance between the beams in the target region, again doubling 
the dose volume. 
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rather than a target region, there would be a sort of target grid that traversed the entire 
mouse skull from top to bottom, possibly causing a significant degradation in normal 
tissue sparing both above and below the target volume.  Either way, this experiment is 
definitely worth conducting, and thus, a rotatable mouse bed is currently being fabricated 
to allow for the microbeam pattern shown in Figure 6.11 to be accurately delivered. 
In order to ever achieve true conformal 
tumor targeting, crossed beam treatments, and 
interlaced beam patterns, though, a completely 
different focal line pattern on the anode must be 
created.  Such a beam pattern would entail a 
dotted focal line created by many smaller 
cathodes, as shown in Figure 6.12a, instead of the 
almost continuous focal line that is currently 
employed.  This is due to the fact that in order to 
truly create a higher dose in the center of a target 
volume than that on the outside through 
overlapping as was described in chapter two, we 
must use an array of physically separate 
microbeams with finite lengths.  In order to do that, the focal line must be divided into a 
series of smaller focal line segments, each with their own collimator slit to eliminate 
cross talk between the two as shown in Figure 6.12b. 
 
Figure 6.11:  Diagram illustrating a 
crossed MRT irradiation.  Note that with 
such a pattern a solid volume through the 
mouse brain from top to bottom will 
experience the crossing. 
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Such a design would also allow for interlacing studies, by simply using every 
other segment in the line and then translating by half the interplanar spacing of the 
desired microbeam pattern and turning on the other segments, also as illustrated in Figure 
6.12b.  Hopefully, such a design will be implemented using the second generation device, 
since the cathode assembly is more modular and able to be easily switched out.  Even 
with a change in the device as shown, however, the object irradiated must have a 
diameter of roughly 4cm in order to see an appreciable overlapping or interlacing effect.  
Given this set of fifteen 3mm 
long focal lines on our single 
anode creating microbeams 
impingent on a target, very 
little skin-sparing effect would 
be seen from overlapping in a 
mouse brain.  This is due to 
the fact that the divergent 
length of the microbeams 
would still be on the order of 
the largest dimension of the 
brain itself by the time they 
got to the mouse.  This would 
cause beam overlap to already 
almost be complete by the 
point at which the beams 
impinge on the surface of the 
mouse skull, as illustrated in 
Figure 6.13.  Moreover, when 
 
Figure 6.12:  (a) Concept drawing in SolidworksTM of a new 
cathode assembly with a dotted line of cathodes instead of the 
almost solid line used now.  (b) SolidworksTM diagram detailing 
how such a cathode assembly would be used to create multiple 
small focal lines on the anode, represented by points here.  Note 
the possibility for using every other line as shown for interlacing 
or increasing the spacing between the beams on the necessarily 
larger target.  Also note that the conformal collimator would 
effectively define the isocenter of the radiation. 
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and if such conformal collimation of the microbeams is implemented, a whole new level 
of image guidance and targeting must be instated in order to position the sample target 
region at the isocenter, which would effectively be defined by the conformal collimator 
as can be seen through careful inspection of Figure 6.12b. 
In conclusion, it has been shown in this work that the creation of a compact MRT 
device for radiobiological study is indeed possible, and that there still exists much room 
for improvement.  Based on that fact, it is believed that a device based upon the first 
generation work presented here could eventually be developed that would be capable of 
bringing MRT treatments to the clinic.  In order for this to be done, however, much more 
testing and experimentation needs to be 
accomplished.  For one, the second generation 
device must be successfully assembled, optimized 
and characterized in a manner similar to that 
presented in this work in order to demonstrate that 
high dose microbeam distributions can be delivered 
in a clinically feasibly time scale. 
But more importantly, further 
radiobiological studies must be done in order to 
more completely describe the mechanisms behind 
the efficacy of MRT, and to conclusively determine 
whether some type of bystander-induced apoptosis 
is responsible and the dominant reason for  the 
tumor ablation seen in rats.  If this is the case, it is 
quite possible that precise interlacing or overlapping 
is not necessary for tumor control, but rather that 
tumor toxicity only requires that a certain high 
 
Figure 6.13:  Diagram illustrating 
how diverging beams on a converging 
path require that the phantom be at 
least an order of magnitude larger than 
the beam width for dose to be larger in 
the target region than the surface dose. 
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amount of dose volume be delivered to the tumor as a whole.  Such a theory would be in 
stark contrast to the goal behind almost all current radiation therapy techniques, which is 
to deliver a lethal dose of radiation to every living tumor cell, and thus could completely 
revolutionize the entire field of radiation oncology.  And if this is the case, it is 
foreseeable that current radiosurgery modalities such as CyberKnife® could have their 
linear accelerators replaced with orthovoltage X-ray tubes employing CNT arrays to 
create microbeam distributions that would be incident from hundreds of entrance angles, 
depositing a lethal dose-volume to the tumor while completely sparing the surrounding 
normal tissue. 
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